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Abstract

Few things can be considered to be more important to a cell than its threshold for apoptotic cell death,
which can be modulated up or down, but rarely in both directions, by a single enzyme. Therefore, it
came as quite a surprise to find that one enzyme, glycogen synthase kinase-3 (GSK3), has the
perplexing capacity to either increase or decrease the apoptotic threshold. These apparently
paradoxical effects now are known to be due to GSK3 oppositely regulating the two major apoptotic
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signaling pathways. GSK3 promotes cell death caused by the mitochondrial intrinsic apoptotic
pathway, but inhibits the death receptor-mediated extrinsic apoptotic signaling pathway. Intrinsic
apoptotic signaling, activated by cell damage, is promoted by GSK3 by facilitation of signals that
cause disruption of mitochondria and by regulation of transcription factors that control the expression
of anti- or pro-apoptotic proteins. The extrinsic apoptotic pathway entails extracellular ligands
stimulating cell-surface death receptors that initiate apoptosis by activating caspase-8, and this early
step in extrinsic apoptotic signaling is inhibited by GSK3. Thus, GSK3 modulates key steps in each
of the two major pathways of apoptosis, but in opposite directions. Consequently, inhibitors of GSK3
provide protection from intrinsic apoptosis signaling but potentiate extrinsic apoptosis signaling.
Studies of this eccentric ability of GSK3 to oppositely influence two types of apoptotic signaling
have shed light on important regulatory mechanisms in apoptosis and provide the foundation for
designing the rational use of GSK3 inhibitors for therapeutic interventions.
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1. Introduction

Why would a single enzyme have opposing actions so that it both promotes and inhibits
apoptosis? That is the paradox raised by recent findings of the regulatory influences of glycogen
synthase kinase-3 (GSK3) on apoptosis. Analysis of this puzzling capacity of GSK3 reveals
that it stems from two different apoptosis signaling pathways being regulated in opposite
directions by GSK3. Thus, GSK3 promotes the mitochondria-mediated intrinsic apoptotic
signaling pathway, but it inhibits the death receptor-mediated extrinsic apoptotic signaling
pathway. Why, and how, does this enzyme associated with glycogen metabolism have opposite
effects on the two major pathways of apoptosis?

GSK3 is an example of the way in which perceptions about an enzyme’s full range of functions
can be constrained by how it was initially discovered and named. GSK3 is an ubiquitous serine/
threonine kinase that is present in mammals in two isoforms: a and b (Woodgett, 1990).
Although GSK3 was first identified as an enzyme capable of phosphorylating glycogen
synthase to inhibit glycogen synthesis (Embi et al., 1980), since then it has been found to
phosphorylate nearly 50 substrates (Jope and Johnson, 2004). Phosphorylating these substrates
allows GSK3 to modulate many fundamental processes including cell structure, metabolism,
gene expression, and, in a seemingly paradoxical manner, apoptosis (Grimes and Jope, 2001,
Frame et al., 2001).

Carefully regulated cell death by apoptosis is crucial in the development and homeostasis of
all multicellular organisms. This is emphasized by the prevalence of diseases associated with
abnormal apoptosis. For example, deficient apoptosis is a hallmark of cancer and autoimmune
diseases, whereas excessive cell death occurs in several neurodegenerative diseases. The two
most common apoptotic pathways are the “intrinsic’ pathway in which cellular stresses disrupt
mitochondrial integrity, and the “extrinsic’ pathway that is initiated by stimulation of *‘death
receptors’ in the plasma membrane (Hengartner, 2000). Both apoptotic pathways culminate in
the activation of a family of intracellular cysteine proteases called caspases. These are classified
as initiator caspases (caspases-8, -9, and -10) or effector caspases (caspases-3, -6, and -7)
(Riedl and Shi, 2004), which can disrupt entire cells within a few minutes of their activation
(Earnshaw et al., 1999).

The paradoxical apoptosis-regulating actions of GSK3 came to light after the puzzling
observations that GSK3 can have opposite actions on apoptosis, either strongly inhibiting or
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promoting apoptotic signaling. The concept that GSK3 inhibits apoptosis came from the
discovery that GSK3p knockout mice died during embryonic development due to massive
hepatocyte apoptosis (Hoeflich et al., 2000), which demonstrated that GSK3p is an important
inhibitor of apoptosis. However, this observation appears to be in direct opposition to the
finding that overexpression of GSK3p is sufficient to induce apoptosis (Pap and Cooper,
1998). These opposite effects of GSK3 on apoptosis have been reinforced by studies with
inhibitors of GSK3, including the first known selective inhibitor, lithium (Klein and Melton,
1996), and many new synthetic inhibitors of GSK3 (Eldar-Finkelman, 2002; Martinez et al.,
2002). GSK3 inhibitors promote apoptosis induced by stimulation of death domain-containing
receptors but provide protection from many other insults that induce apoptosis. Recent studies
have clarified that these apparent conflicting findings are due to the ability of GSK3 to have
opposite effects on apoptosis depending on the apoptotic signaling pathway that is involved.
We review here the substantial evidence that GSK3 is pro-apoptotic with insults that activate
the intrinsic mitochondrial apoptotic pathway, and is anti-apoptotic with stimulation of death
domain-containing receptors that activate the extrinsic apoptotic pathway.

2. Regulation of GSK3

In order to understand the physiological roles of GSK3 in apoptosis, it is important to consider
the mechanisms that regulate GSK3. Both isoforms of GSK3 are constitutively active in resting
cells, but their actions are tightly controlled by several mechanisms (Fig. 1). The most well-
defined regulatory mechanism is by phosphorylation of serine-9 in GSK3p or serine-21 in
GSK3a, which inhibits activity. The phosphatidylinositol 3-kinase (P13K)/Akt signaling
pathway often is a major regulator of GSK3 because Akt phosphorylates GSK3 on these
inhibitory serine residues, but several other kinases also can phosphorylate them (Grimes and
Jope, 2001). Conversely, enzymatic activity is enhanced by phosphorylation of tyrosine-216
in GSK3p and tyrosine-279 in GSK3a, although mechanisms regulating this modification are
not well-defined.

Because of its many substrates, additional mechanisms besides phosphorylation are needed to
regulate GSK3. These include control of its intracellular localization and of its association in
protein complexes, mechanisms that serve to selectively direct its actions towards specific
substrates (Jope and Johnson, 2004). Additionally, the action of GSK3 is usually indirectly
controlled by the phosphorylation state of its substrate. This is because most substrates of GSK3
must be “‘primed’, i.e., prephosphorylated at a residue 4-amino acids C-terminal to the GSK3
phosphorylation site. This necessitates temporal coordination of the activity of the priming
kinase along with GSK3 activity for the latter to phosphorylate the primed substrate.

These complexities in the mechanisms controlling the actions of GSK3, involving
phosphorylation, distribution, protein complexes, and substrate priming, combine to provide
substrate-specific control of its actions, an especially important capacity for an enzyme that
can regulate cell survival. Consequently, dysregulation of GSK3 can contribute to a diverse
variety of pathologies. For example, dysregulation of GSK3 has been linked to mood disorders,
neurodegenerative diseases such as Alzheimer’s disease, cancer, inflammation, cardiovascular
disease, and diabetes (Manoukian and Woodgett, 2002; Eldar-Finkelman and Ilouz, 2003;
Woodgett, 2003; Jope and Johnson, 2004; Patel et al., 2004; Fuentealba et al., 2004; Ferrer et
al., 2005; Martin et al., 2005). Thus, GSK3 must be tightly regulated, its dysregulation is
associated with a wide variety of diseases, and some of the detrimental actions of dysregulated
GSK3 in these diseases may be linked to apoptosis.

3. GSK3 promotes the mitochondrial intrinsic apoptosis pathway

The most widely reported association between GSK3 and apoptosis involves the mitochondria-
mediated intrinsic apoptotic pathway (Fig. 2). The intrinsic apoptotic signaling cascade can be
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induced by numerous stimuli that cause cell damage, such as DNA damage, oxidative stress,
endoplasmic reticulum (ER) stress, and many other insults. These conditions that activate
intrinsic apoptotic signaling cause the disruption of mitochondria, leading to cell destruction,
processes that are promoted by GSK3.

3.1.Intrinsic apoptotic signaling is facilitated by GSK3—Intrinsic apoptotic signaling
has been shown to be amplified by GSK3 following many types of cellular insults, as
summarized in Table 1. Initially, GSK3 was found to be an important component of the
apoptotic response occurring after growth factor withdrawal or inhibition of the PI3K/Akt
signaling pathway, which is often coupled to growth factor receptors (Pap and Cooper, 1998,
2002;Hetman et al., 2000;Crowder and Freeman, 2000;Bhat et al., 2000;Li et al., 2000;Cross
et al., 2001;Somervaille et al., 2001;Culbert et al., 2001;Bhat et al., 2003;Hongisto et al.,
2003;Sanchez et al., 2003;Linseman et al., 2004;Chin et al., 2005;Enguita et al., 2005;Jin et
al., 2005h;Sinha et al., 2005). GSK3 also promotes apoptosis caused by DNA damage
(Watcharasit et al., 2002,2003; Beurel et al., 2004,2005;Jin et al., 2005a;Tan et al., 2006), ER
stress (Song et al., 2002;Chen et al., 2004;Kim et al., 2005;Macanas-Pirard et al.,
2005;Srinivasan et al., 2005), mitochondrial toxins (King et al., 2001;King and Jope, 2005),
hypoxia/ischemia (Loberg et al., 2002;Mottet et al., 2003;Juhaszova et al., 2004;Kelly et al.,
2004;Brywe et al., 2005;Cappuccio et al., 2005;Kaga et al., 2005;Rho et al., 2005;Yin et al.,
2005), glutamate excitotoxicity (Hashimoto et al., 2002;Facci et al., 2003;Kelly et al.,
2004;Takadera et al., 2004), platelet activating factor (Maggirwar et al., 1999;Tong et al.,
2001), hypertonic stress (Rao et al., 2004), ceramide (Mora et al., 2002), ethanol (Takadera
and Ohyashiki, 2004), heat shock (Bijur et al., 2000), staurosporine (Bijur et al., 2000), and
oxidative stress (Shin et al., 2004;King and Jope, 2005). Many additional studies have reported
that the GSK3 inhibitor lithium provides protection from other apoptotic conditions, but since
GSK3 was not directly examined, these protective effects cannot yet unequivocally be
attributed to inhibition of GSK3, as discussed in previous reviews (Jope, 2003,2004;Chuang,
2005). Overall, these many studies have unequivocally demonstrated that GSK3 promotes the
intrinsic apoptotic signaling cascade induced by a diverse array of insults, indicating that GSK3
regulates fundamental processes in this cascade.

3.2. Mitochondria-related targets of GSK3 during apoptosis

3.2.1. Intrinsic apoptotic signaling: The many apoptotic conditions that are facilitated by
GSK3 raise the question of which components of intrinsic apoptotic signaling are subject to
regulation by GSK3. One of these is disruption of mitochondrial function, a central feature of
the intrinsic apoptotic pathway (Fig. 2). Pro-apoptotic members of the Bcl-2 family of proteins
are key messengers for delivering the apoptotic signal to the mitochondria (Akhtar et al.,
2004). For example, one of these, Bax, undergoes an activating conformational change
following cellular insults that causes it to translocate from the cytoplasm to the mitochondria
where it can both sequester anti-apoptotic Bcl-2 family proteins and oligomerize within the
mitochondrial membrane (Martinou and Green, 2001). This oligomerization of Bax in the outer
mitochondrial membrane contributes to the disruption of the mitochondrial membrane
potential and the release of apoptotic proteins from the mitochondrial intermembrane space
into the cytoplasm (Armstrong, 2006). Perhaps the most intriguing pro-apoptotic protein that
is released is cytochrome ¢, which binds to the protein apoptotic protease activating factor-1
(APAF-1), ATP/dATP, and procaspase-9 to form the apoptosome in the cytoplasm. This causes
the activation of caspase-9, thereby triggering the activation of the caspase cascade (Armstrong,
2006).

3.2.2. Mitochondrial disruption is promoted by GSK3 during apoptosis: GSK3 is
positioned to be associated with intrinsic apoptotic events associated with mitochondrial
function as it is present within mitochondria, and mitochondrial GSK3 activity is increased
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during intrinsic apoptotic signaling induced by DNA damage or ER stress (Bijur and Jope,
2003a,b). Although direct intramitochondrial substrates of GSK3 involved in apoptosis have
not yet been identified, GSK3 targets several key proteins that regulate signals leading to the
disruption of mitochondria. Investigations of the target of GSK3 showed that its apoptotic
action was upstream of caspase-3 in many of the studies cited above, of caspase-9 (Bijur et al.,
2000), of cytochrome c release from mitochondria (Watcharasit et al., 2003), of the
permeability transition pore complex in mitochondria (Juhaszova et al., 2004), and of the
activation of the pro-apoptotic Bcl-2 family members Bax and Bcl-2 interacting mediator of
cell death (Bim) (Somervaille et al., 2001;Linseman et al., 2004;Hongisto et al., 2003). GSK3
can directly phosphorylate Bax on Ser-163, which results in the activation of Bax (Linseman
et al., 2004), and GSK3 is required for the stress-induced expression of Bim (Hongisto et al.,
2003). Additionally, a recent report found that phosphorylation by GSK3 enhanced the
degradation of the anti-apoptotic Bcl-2 family member MCL-1 (Maurer et al., 2006). GSK3
also phosphorylates the voltage-dependent anion channel (VDAC), an abundant outer
mitochondrial membrane protein implicated in maintaining the mitochondrial membrane
potential. This phosphorylation prevents hexokinase 11 from associating with VDAC (Pastorino
et al., 2005), which may facilitate the mitochondrial association of pro-apoptotic Bcl-2 family
proteins to promote apoptosis (Pastorino et al., 2002;Cheng et al., 2003;Majewski et al.,
2004). Thus, one way GSK3 promotes the intrinsic apoptotic signaling pathway is to expedite
signals that contribute to the disruption of mitochondria, and several candidate targets of GSK3
have been identified that may contribute to accomplishing this outcome.

3.2.3. GSK3 modulates expression of apoptotic intermediates acting on mitochondria:
Mitochondrial function during intrinsic apoptotic signaling is also influenced by GSK3-
mediated regulation of the expression of proteins participating in the mitochondrial stage of
the apoptotic cascade since GSK3 modulates the activity of a large number of transcription
factors that control gene expression. Some of these are regulated by nuclear GSK3 where a
small, but dynamic, portion of cellular GSK3p is located. Nuclear GSK3p is in a relatively
greater activation state than cytosolic GSK3p, and apoptotic conditions can increase the level
and/or activity of GSK3p in the nucleus (Bijur and Jope, 2001,2003b;Watcharasit et al.,
2002;Elyaman et al., 2002). Therefore, both nuclear GSK3 and targets of GSK3 that act in the
nucleus, particularly transcription factors, may contribute to its promotion of the intrinsic
apoptotic pathway. Conspicuous examples of transcription factors that encode apoptosis-
regulating proteins targeted to the mitochondria and that are regulated by GSK3 in the nucleus
include p53 and cyclic AMP response element binding protein (CREB). GSK3p activity
promotes p53-induced expression of Bax in response to DNA damage (Watcharasit et al.,
2003;Tan et al., 2005) and inhibits CREB (Bullock and Habener, 1998;Grimes and Jope,
2001), which can block the CREB-dependent expression of the anti-apoptotic protein Bcl-2
(Lonze and Ginty, 2002). This action is supported by evidence that treatment with the GSK3
inhibitor lithium increases Bcl-2 levels (Chen and Chuang, 1999;Chen et al., 1999;Kaga et al.,
2005). Therefore, GSK3 can regulate the expression levels of proteins that are key
mitochondrial components of the intrinsic apoptotic signaling pathway and by oppositely
regulating the expression of proapoptotic and anti-apoptotic proteins GSK3 can change the
balance to lower the threshold for intrinsic apoptotic signaling. Thus, GSK3 both ’sets the
stage’ for intrinsic apoptotic signaling through its regulation of gene expression, and also
facilitates signaling that leads to disruption of mitochondria.

3.3. GSK3regulates transcription and translation factors—In addition to regulating
the expression of proteins directly involved in mitochondrial function during apoptosis, GSK3
also regulates the expression of other components of apoptotic signaling as a result of its
phosphorylation of transcription and translation factors.

Prog Neurobiol. Author manuscript; available in PMC 2006 October 20.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beurel and Jope

Page 6

3.3.1. p53: The important tumor suppressor transcription factor p53, which is a key mediator
of cell cycle arrest, senescence, and apoptosis, has been implicated in the pro-apoptotic actions
of GSK3 in several studies. p53 was first linked to GSK3 by the finding that expression of
dominant-negative p53 blocked apoptosis induced by overexpression of GSK3p (Pap and
Cooper, 1998). Following DNA damage, the normally short-lived p53 protein is stabilized and
modified by a complex array of posttranslational modifications, such as phosphorylation,
acetylation, ubiquitination, and sumoylation, and a large number of proteins interact with p53
to regulate its actions (Oren, 2003; Haupt et al., 2002).

One of these regulatory proteins is GSK3p, which forms a complex with nuclear p53 to promote
p53-induced apoptosis (Watcharasit et al., 2002,2003;Beurel et al., 2004). GSK3p also
interacts with p53 in the nucleus during cellular senescence (Zmijewski and Jope, 2004).
GSK3p binds directly to p53, and the C-terminal region of p53 is necessary for this interaction
(Watcharasitetal., 2003). Although an interaction between GSK3p and p53 has been confirmed
in several studies, the functional consequences are controversial, possibly because of the many
other regulatory influences on p53 and the context- and cell-specific regulation and actions of
p53. Individual laboratories have reported that GSK3 can phosphorylate Ser33-p53 (Turenne
and Price, 2001) or Ser315-p53 and Ser376-p53 (Qu et al., 2004;Pluquet et al., 2005).
Moreover, GSK3 can regulate p53 levels through the phosphorylation of the p53-regulating
protein MDMZ2 (Kulikov et al., 2005;Pluquet et al., 2005) or other mechanisms (Ghosh and
Altieri, 2005). GSK3 promotes p53-mediated transcription of specific genes (Watcharasit et
al., 2003;Beurel et al., 2004) and regulates the intracellular localization of p53 (Beurel et al.,
2004;Qu et al., 2004;Pluquet et al., 2005). p53 is also able to activate apoptosis independently
of its transcription function by acting directly on mitochondrial proteins (Sansome et al.,
2001;Marchenko et al., 2000;Mihara et al., 2003), and GSK3p binds p53 in the mitochondria,
which may contribute to p53-induced apoptosis (Watcharasit et al., 2003).

Thus, there are multiple influences of GSK3 on p53, but control of the dominant outcomes by
other regulatory mechanisms associated with specific conditions that activate p53 and cell type-
selective effects remain to be more fully defined. In addition to GSK3p regulating p53,
GSK3p is also regulated by p53. The activity of GSK3p is increased by a phosphorylation-
independent mechanism by direct binding of p53 to GSK3p (Watcharasit et al., 2002). Thus,
cooperative interactions involving activation of both GSK3 and p53 contribute to the promotion
of intrinsic apoptosis signaling under conditions where p53 is activated.

3.3.2. B-Catenin: GSK3 also influences a number of transcription factors that regulate the
expression of anti-apoptotic proteins, which has generated evidence, although largely
correlative, that inhibition of these transcription factor targets of GSK3 may contribute to its
promotion of intrinsic apoptotic signaling. In the canonical Wnt signaling pathway, the
transcriptional co-activator B-catenin promotes growth and survival, but phosphorylation of
B-catenin by GSK3 targets it for degradation by the proteasome (Ciani and Salinas, 2005).
Activation of Wnt signaling inhibits GSK3 selectively in the Wnt signaling protein complex,
causing accumulation of B-catenin and its translocation to the nucleus where it interacts with
the TCF/LEF transcription factors to induce gene expression, several of which encode proteins
that support cell survival (Polakis, 1999). Thus, apoptosis was inhibited by activation of 8-
catenin/TCF/LEF-mediated transcription by overexpression of Wnt (Chen etal., 2001; Alvarez
et al., 2004) or expression of a dominant-stable B-catenin (Longo et al., 2002; Ueda et al.,
2002). Furthermore, overexpressing B-catenin reduced apoptosis similarly to the protection
provided by inhibitors of GSK3 (Yuan et al., 2005), and the accumulation of B-catenin caused
by GSK3 inhibitors has been correlated with an increase of the expression of the anti-apoptotic
proteins Bcl-2 and survivin (Kaga et al., 2005). Consistent with these findings, loss of B-catenin
signaling caused by mutations of the presenilin-1 gene increased neuronal vulnerability to

Prog Neurobiol. Author manuscript; available in PMC 2006 October 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beurel and Jope

Page 7

apoptosis (Zhang et al., 1998). These studies indicate that p-catenin may be an important target
that is inhibited by GSK3 to promote apoptosis.

3.3.3. HSF-1: Heat shock factor-1 (HSF-1) is another survival-promoting transcription factor
that is inhibited by GSK3. HSF-1 induces the expression of several heat shock proteins that
protect cells from many insults. GSK3 phosphorylates HSF-1 to inhibit its transcriptional
activity, thereby reducing expression of heat shock proteins, an action that can facilitate
apoptosis (Chu et al., 1996; He et al., 1998a; Bijur and Jope, 2000; Khaleque et al., 2005).
Evidence for this interaction in vivo was obtained in studies of ischemia, which showed that
increased activation of HSF-1 was correlated with robust neuroprotection from ischemia
provided by treatment with the GSK3 inhibitor lithium (Nonaka and Chuang, 1998; Ren et al.,
2003).

3.3.4. Myc: There is also some evidence that regulation of the transcription factor Myc by
GSK3 may modulate apoptosis. Myc is a transcription factor capable of promoting either
proliferation or apoptosis, as well as other outcomes (Adhikary and Eilers, 2005). Myc
expression can be increased by activation of B-catenin-TCF/LEF, which occurs when GSK3
in the Wnt system is inhibited, and active GSK3 phosphorylates Myc to promote its degradation
(He et al., 1998b; Saksela et al., 1992). Inhibition of GSK3 by activation of Wnt signaling
inhibited c-Myc-induced apoptosis (You et al., 2002), indicating multiple levels of regulation
of Myc by GSK3, which may be involved in some apoptotic conditions, although this has not
been widely studied.

3.3.5. NF-kB: Finally, the most studied, and also most ambiguous, effect of GSK3 on a
transcription factor involved in regulating apoptosis is its regulation of nuclear factor-kB (NF-
kB). As discussed in the following section about extrinsic apoptotic signaling, multiple effects
of GSK3 have been reported on the signaling steps leading to transcriptionally active NF-«xB,
and modulation of NF-kB by GSK3 has been reported to either promote (Bournat et al.,
2000; Sanchez et al., 2003; Buss et al., 2004; Rao et al., 2004; Viatour et al., 2004) or inhibit
(Bournat et al., 2000; Sanchez et al., 2003; Buss et al., 2004; Rao et al., 2004; Viatour et al.,
2004) apoptosis. This ambiguity has arisen in part because NF-«xB can influence both intrinsic
and extrinsic apoptotic signaling, systems where GSK3 itself has opposite effects, and from
variations among cell types and stimuli in the role that NF-«xB plays in apoptosis.

3.3.6. Protein synthesis: In addition to regulating gene expression, GSK3 also regulates
translation, and Pap and Cooper (2002) showed that inhibition of protein synthesis, which
GSK3 achieves by phosphorylating and inhibiting elF2B, contributes an important component
to GSK3-induced apoptosis.

In summary, with actions at both the transcriptional and translational levels, GSK3 can have
broad regulatory effects on the expression of proteins involved in apoptotic signaling. Thus, it
is now evident that GSK3 performs coordinated actions in cells that promote disruption of
mitochondria and increases the expression of pro-apoptotic proteins while reducing the
expression of anti-apoptotic proteins to lower the threshold necessary for intrinsic apoptotic
signaling to culminate in cell death.

3.4. GSK3 regulates cell structure—In addition to GSK3-regulating cell survival by
phosphorylating proteins in the apoptosis cascade and transcription/translation factors,
phosphorylation of proteins that dynamically regulate cell structure also likely contributes to
the facilitation of apoptosis by GSK3. Several proteins associated with microtubules are
substrates of GSK3, and phosphorylation of these by GSK3 contributes to destabilization of
microtubules (Jope and Johnson, 2004). Destabilization and the subsequent collapse of
microtubules permits some of the cellular structural changes that occur during apoptosis. For
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example, the microtubule-associated protein tau is one of the most well-characterized
substrates of GSK3 (Johnson and Bailey, 2002). Phosphorylation of tau by GSK3 causes it to
dissociate from microtubules, promoting destabilization of microtubules. In addition to this
structural component of apoptosis, tau can form oligomers and aggregates that include
neurofibrillary tangles, preceded by hyperphosphorylation of tau to which GSK3 likely
contributes (Hong et al., 1997; Perez et al., 2003p3; Noble et al., 2005), and these complexes
of tau themselves can be toxic (Avila et al., 2004; Santacruz et al., 2005). Another example of
a structural substrate of GSK3 is kinesin, which is a molecular motor responsible for
intracellular transport of cargo proteins. Phosphorylation of kinesin by GSK3 disrupts this
intracellular transport, which can contribute to apoptotic cell death (Morfini et al., 2002;
Mudbher et al., 2004). Thus, actions of GSK3 on cellular structural proteins likely underlie a
portion of the morphological changes that occur during the apoptosis process.

3.5. Overexpression of GSK3 induces apoptosis—Although studies of the pro-
apoptotic actions of GSK3 were first stimulated by the seminal finding that overexpression of
GSKa3p is sufficient to induce apoptosis, it remains to be determined how well this condition
models intrinsic apoptotic signaling mechanisms. By overexpressing GSK3p in PC12 cells and
Ratl fibroblasts it was first discovered that GSK3p alone, without additional toxic insults, is
sufficient to induce apoptosis (Pap and Cooper, 1998). Subsequent studies showed that this is
a widespread effect, as overexpression of GSK3p induced apoptosis in cortical neurons
(Hetman et al., 2000, 2002), sympathetic neurons (Crowder and Freeman, 2000), vascular
smooth muscle cells (Hall etal., 2001), endothelial cells (Kim et al., 2002), astrocytes (Sanchez
et al., 2003) and human umbilical vein endothelial cells (Suhara et al., 2003). Although
apoptosis induced by overexpressed GSK3p has provided valuable information about its pro-
apoptotic actions, the mechanism by which overexpressed GSK3p causes apoptosis has not
been identified. This remains an important question because overexpressed GSK3p likely
involves increases in cellular GSK3p activity many-fold above that attainable by activation of
endogenous GSK3p, and thus different targets and apoptotic signals may be recruited by
overexpressed GSK3p than those employed by endogenous GSK3 during apoptosis. This
concept that GSK3 at physiological levels is a facilitator, rather than an inducer, of apoptosis
is illustrated by the observation that double knock in GSK3a/b mice, in which both isoforms
were constitutively activated by changing the codons for serine-21 of GSK3a and serine-9 of
GSK3 to encode nonphosphorylatable alanines, displayed no overt phenotype (McManus et
al., 2005). This shows that constitutively active GSK3 is not alone sufficient to cause excessive
apoptosis in these transgenic mice, strengthening the conclusion that the role of GSK3 in
apoptosis lies in its capacity to modulate the threshold for apoptosis.

3.6. Summary—In summary, promotion by GSK3 of the intrinsic apoptotic signaling
pathway is now well-established. This action of GSK3 appears to be the culmination of
orchestrated events that include facilitating the disruption of mitochondrial function and
regulating the expression of proteins that are capable of modulating apoptosis signaling. The
critical events causing disruption of the mitochondria leading to caspase activation are clearly
facilitated by GSK3, although the precise substrate, or set of substrates, of GSK3 that accounts
for this action remains to be more completely clarified. Concurrently, GSK3 regulates the
expression of proteins involved in apoptosis, generally inhibiting the expression of anti-
apoptotic proteins and facilitating expression of pro-apoptotic proteins to allow efficient
progression of the apoptosis signal. However, much of the expression data remains correlative,
as seldom have alterations in the expression levels of particular proteins regulated by GSK3
been shown to specifically contribute to the promotion of intrinsic apoptotic signaling caused
by GSK3 activity. Although these expression changes may only be correlative, the known
participation of such proteins as Bax, Bcl-2, and heat shock proteins, among others, that are
regulated by GSK3 is highly suggestive that changes in their levels under the regulation of
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GSKa3 contributes to the promotion of apoptotic signaling. These effects suggest that GSK3
generally sets the stage for apoptosis, by both promoting expression of pro-apoptotic proteins
and inhibiting the expression of anti-apoptotic proteins, actions that can lower the threshold
for the induction of apoptosis. It is likely that the most influential of these many actions of
GSK3 on apoptosis vary depending upon the cellular insult and the cell type. Taken together,
enhancing apoptotic disruption of mitochondrial function while regulating the expression of
proteins involved in the apoptotic cascade makes GSK3 a powerful regulator of apoptosis.
These key actions likely underlie the ability of GSK3 to promote the intrinsic apoptotic
signaling pathway following such a wide array of different types of cellular insults that have
been linked to GSK3.

Promation of the intrinsic apoptotic signaling pathway by GSK3 may be particularly important
in the neuronal loss and apoptosis that occurs in a number of neurodegenerative diseases. The
most well-documented of these is Alzheimer’s disease where GSK3 has been shown to promote
the toxicity of both the amyloid B-peptide and other neurodegenerative processes (Takashima
etal., 1993; Alvarez et al., 1999, 2004; Wei et al., 2000; Garrido et al., 2002; Bhat et al.,
2003; De Ferrari et al., 2003; Hoshi et al., 2003; Phiel et al., 2003; Suhara et al., 2003; Zhang
et al., 2003; Su et al., 2004; Noble et al., 2005). There is also evidence that GSK3 contributes
to the promotion of apoptosis caused by Parkinson’s disease-related toxic agents such as 6-
hydroxydopamine, rotenone, and MPTP (King et al., 2001; Chen et al., 2004; Bai et al.,
2004; Avraham et al., 2005), by prion peptide (Perez et al., 2003a), by mutations in superoxide
dismutase linked to amyotrophic lateral sclerosis (Koh et al., 2005), by HIVV-associated
conditions (Maggirwar et al., 1999; Tong et al., 2001; Everall et al., 2002; Dou et al., 2003,
2005), by polyglutamine toxicity associated with Huntington’s disease (Carmichael et al.,
2002), and by ischemia in the brain (Chuang, 2005). These findings raise the possibility that
inhibitors of GSK3 may ameliorate some of the apoptosis and neuronal loss occurring in a
number of neurodegenerative diseases. Furthermore, consideration of this broad pro-apoptotic
influence of GSK3 during intrinsic apoptosis makes even more surprising the finding that
GSK3 has an opposite, anti-apoptotic, effect on extrinsic apoptosis induced by activation of
death receptors, as discussed in the following section.

4. GSK3 inhibits the death receptor-mediated extrinsic apoptosis pathway

4.1. Extrinsic apoptotic signaling—Death domain-containing receptors, commonly
called death receptors (DR), belong to the tumor necrosis factor (TNF) family of receptors that
contain conserved intracellular death domains that are critical for the initiation of extrinsic
apoptotic signaling (Ashkenazi and Dixit, 1998). Among the most well known death receptors
are TNF-R1 (also called p55 or CD120a), Fas (also called CD95 or Apol), DR4 (also called
TRAIL-R1 for TNF-related apoptosis-inducing ligand receptor-1) and DR5 (also called
TRAIL-R2, Apo2, TRICK2, or KILLER). These receptors share common signaling
mechanisms (Fig. 3) although each receptor is stimulated by its own specific ligand, for
example TNF, Fas Ligand, and TRAIL activate TNF-R1, Fas and DR4/DR5, respectively
(Wajant et al., 2003). A common feature of death receptors is that stimulation causes receptor
homo-trimerization followed by the recruitment of cytoplasmic adaptor and effector proteins
(Krammer, 2000). The activated trimerized death receptors bind to the cytoplasmic proteins
FADD (Fas-associated death domain protein) and procaspase-8 (or procaspase-10) to form a
complex known as the death-inducing signaling complex (DISC) (Peter and Krammer,
2003). DISC formation can allow autoactivation of caspase-8, which then leads to the activation
of effector caspases, primarily caspases-3, -6, and -7 (Kaufmann and Hengartner, 2001).
Downstream from DISC formation, two pathways can be used to complete the activation of
apoptosis. In “type 1” cells, such as lymphocytes, DISC-activated caspase-8 directly mobilizes
downstream effector caspases to trigger apoptosis. However, the extrinsic apoptotic pathway
also can incorporate portions of the intrinsic apoptotic pathway through caspase-8 mediated
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cleavage of the BH3-only protein Bid, which then interacts with mitochondria to facilitate the
release of mitochondrial proteins that promote apoptosis (Luo et al., 1998; Li et al., 1998).
Thus, in the majority of cells (“type 11”), DISC-induced activation of caspase-8 is insufficient
to kill cells without recruiting the mitochondrial apoptotic program through cleavage and
activation of Bid (Scaffidi et al., 1998).

4.2. GSK3 protects from TNF-mediated cytotoxicity—As early as 1989, lithium had
been identified as a factor that increased TNF-mediated cytotoxicity in several types of cells
in vitro and in mouse tumors in vivo (Beyaert et al., 1989). Although these findings were
extended in subsequent reports (Beyaert et al., 1992, 1993; Schotte et al., 2001), mechanistic
studies were difficult at that time due to the limited understanding of lithium’s targets and the
little amount of information available about GSK3. Two major findings were critical for further
progress. First, the discovery in 1996 that lithium inhibits GSK3 (Klein and Melton, 1996) was
critical to allow later studies to examine if lithium’s cytotoxic interaction with TNF involved
GSKa3. Second, the finding that knocking out GSK3p caused mouse embryonic lethality on
day E14 due to TNF hypersensitivity in the liver (Hoeflich et al., 2000) provided the key insight
that GSK3p inhibits TNF-induced apoptosis. This was supported by studies in mouse
embryonic fibroblasts (MEFs) from GSK3p knockout and normal mice, and lithium was shown
to potentiate TNF-induced cytotoxicity in MEFs from wild-type mice (Hoeflich et al., 2000).
That inhibition of GSK3 by lithium accounted for potentiation of TNF-induced apoptosis in
hepatocytes was further confirmed by Schwabe and Brenner (2002). Thus, knocking out
GSK3p or lithium treatment potentiated TNF-induced apoptosis, showing that the mechanism
underlying the cytotoxic interaction of lithium and TNF results from lithium’s inhibition of
GSKa.

4.3. GSK3 protects from death receptor-mediated apoptosis—The inhibitory effect
of GSK3 on TNF-induced apoptosis has been extended to other death receptors, demonstrating
that this is a generalized action regulating extrinsic apoptosis. Liao et al. (2003) showed in
human prostrate cancer cell lines that TRAIL-induced apoptosis was potentiated by both
lithium and another highly selective inhibitor of GSK3, SB216763, as well as by knockdown
of the GSK3p protein level using RNA interference. More recently, apoptosis induced by
selective stimulation of DR5 with an agonistic antibody was shown to be potentiated by
inhibition of GSK3 (Rottmann et al., 2005). Apoptosis signaling induced by the other major
member of the death receptor family, Fas, also was recently found to be regulated by the anti-
apoptotic action of GSK3 (Song et al., 2004). Several inhibitors of GSK3 potentiated Fas-
induced apoptosis in Jurkat cells and also in differentiated hippocampal neurons, extending
this interaction between GSK3 and death receptor-induced apoptosis simultaneously to non-
proliferating cells and to neurons (Song et al., 2004). These results indicate that the beneficial
effect that might be achieved in cancer cells by inhibition of GSK3 through potentiation of
death receptor-mediated apoptosis contrasts with its detrimental effects for neurons subjected
to death receptor-mediated apoptosis. Overall, itis now clear that GSK3 inhibits TNF-, TRAIL-
or Fas-mediated apoptosis and that the potentiation of death receptor-induced cytotoxicity by
lithium is due to inhibition of GSK3.

4.4. Mechanisms of extrinsic apoptotic signaling promotion by GSK3—Several
steps upstream of cell death have been examined in order to identify the site of action of GSK3
that accounts for its anti-apoptotic effect in death receptor-mediated apoptotic signaling. By
identifying steps in the apoptotic cascade that are potentiated by inhibitors of GSK3, several
studies have shown that the inhibition of GSK3 enhances the extrinsic apoptotic signaling
pathway upstream of the activation of caspase-3 (Schwabe and Brenner, 2002; Liao et al.,
2003; Aza-Blanc et al., 2003; Song et al., 2004), of Bid cleavage (Aza-Blanc et al., 2003; Liao
etal., 2003), and of the activation of caspase-8 (Schwabe and Brenner, 2002; Aza-Blanc et al.,
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2003; Liao et al., 2003). Thus the anti-apoptotic effect of GSK3 is directed at a very early stage
in death receptor-induced signaling that precedes the initiating step of caspase-8 activation.

Although the anti-apoptotic effect of GSK3 in death receptor-stimulated apoptosis is now well-
established, the mechanistic basis for this action of GSK3 remains to be identified. Many
studies of this mechanism have focused on the NF-xB transcription factor (Karin and Ben-
Neriah, 2000), which, although regulated by GSK3, appears unlikely to account for the
protective action of GSK3 against death receptor-induced apoptosis. NF-xB was studied
because it is activated by TNF and it provides an anti-apoptotic balance to the pro-apoptotic
signaling induced by TNF, so promotion of NF-xB activity by GSK3 represented a potential
mechanism by which GSK3 could strengthen the anti-apoptotic response of cells to TNF. The
connection between GSK3 and NF-kB was first established by the finding that TNF-induced
NF-xB activity was greatly diminished by knocking out or inhibiting GSK3p (Hoeflich et al.,
2000). Furthermore, these investigators showed that GSK3 did not modulate signaling leading
to NF-xB activation but that it was necessary for the transcriptional activity of NF-xB (Hoeflich
etal., 2000). This conclusion was recently extended in an elegant study demonstrating that this
modulatory effect of GSK3 was promoter-selective so that GSK3 promotes the transcription
of only a subset of NF-xB-induced genes (Steinbrecher et al., 2005). This may explain the
ambiguous regulatory effect of GSK3 on NF-kB that appears to be context- and cell type-
specific. A number of studies concerning this regulation, although not always in the context
of death receptor signaling, have reported targets of GSK3 within the signaling pathway leading
to NF-xB activation as well as on its transcriptional activity and have shown that GSK3 has
inhibitory (Nemeth et al., 2002; Demarchi et al., 2003; Liao et al., 2003; Sanchez et al.,
2003; Buss et al., 2004; Viatour et al., 2004) as well as stimulatory (Schwabe and Brenner,
2002; Guha and Mackman, 2002; De Ketelaere et al., 2004; Takada et al., 2004; Eto et al.,
2005) effects on NF-kB. As noted by Steinbrecher et al. (2005) some of these conflicting reports
may stem from the fact that inhibition of GSK3 can increase levels of B-catenin and p-catenin
itself can inhibit NF-xB activity (Dengetal., 2002, 2004). Taken together, these studies indicate
that the modulation of NF-xB by GSK3 is highly complex and likely depends on cell type, the
particular stimulus used to activate NF-xB, and the NF-xB-regulated gene being studied.
Overall, this absence of consensus mechanisms of NF-«xB regulation by GSK3 makes it evident
that although NF-xB can be regulated by GSK3 in a complex manner, it is not likely to account
completely for the protective effect of GSK3 in apoptosis induced by activation of all death
receptors. Thus, the primary target of GSK3 located upstream of caspase-8 activation by
stimulated death receptors that is responsible for the attenuation of death receptor-induced
apoptosis by GSK3 remains to be identified.

Considerations of the anti-apoptotic effect of GSK3 on death receptor-induced apoptosis also
must take into account the possibility that the two isoforms of GSK3 may have differential
effects. This was first indicated by the work of Hoeflich et al. (2000) who noted the selective
importance of GSK3 in regulating toxicity induced by TNF because endogenous GSK3a was
unable to compensate for the loss of GSK3p and the ensuing increase in TNF-induced
apoptosis. In agreement with the selective role of GSK3p, knockdown of GSK3, but not
GSK3a, potentiated TRAIL-induced apoptosis in human prostrate cancer PC-3 cells (Liao et
al., 2003) and promoted apoptosis induced by activation of DR5 (Rottmann et al., 2005).
However, in contrast to these findings, in the only report that showed that inhibition of GSK3
did not potentiate death receptor-induced apoptosis, Aza-Blanc et al. (2003) found that GSK3a
knockdown, but not GSK3p knockdown, by RNA interference reduced, rather than enhanced,
TRAIL-induced apoptosis in HeLa cells. These findings raise the possibility that there may be
differences in the effects of each GSK3 isoform in different types of cells, so the balance
between GSK3 isoforms may be important in regulating the extrinsic apoptosis signaling
pathway.
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In summary, it is now well-established that GSK3 has robust anti-apoptotic actions in the
extrinsic apoptosis signaling pathway stimulated by all death receptors, so inhibitors of GSK3
strongly potentiate this type of programmed cell death. However, much remains to be learned
about this important regulatory interaction, especially the targets of GSK3 that account for its
attenuation of the extrinsic apoptotic signaling pathway. The identification of the substrates of
GSKa3 that account for its inhibition of extrinsic apoptosis may provide targets for clinically
directed research to selectively modify death receptor-induced apoptosis.

5. Resolution of the paradoxical actions of GSK3 in apoptotic sighaling

Paradoxical findings often can be attributed to an incomplete understanding of a system rather
than being manifestations of incongruent properties. This has proven to be the case with studies
of GSK3 in which both strong pro-apoptotic and anti-apoptotic effects were found in a wide

variety of conditions and cell types. Now it is evident that GSK3 possesses both attributes and
that these seemingly paradoxical effects are in fact the result of GSK3 having opposite effects
on the two major apoptotic signaling pathways. Thus, GSK3 promotes the intrinsic apoptotic
signaling pathway but, conversely, GSK3 inhibits death receptor-induced extrinsic apoptotic
signaling.

Promotion of intrinsic apoptotic signaling by GSK3 has been linked to its facilitation of
signaling that leads to disruption of mitochondria in conjunction with regulation of the
expression of proteins involved in apoptotic signaling. It is important to emphasize that the
role of GSK3 in intrinsic apoptotic signaling is not that of an initiator but as a facilitator,
promoting the signaling responses to insults that initiate this pathway. Thus, in the intrinsic
signaling pathway, GSK3 facilitates, but under physiological conditions does not cause,
apoptotic signaling by regulating both the phosphorylation and the expression of apoptotic
proteins. The phosphorylation of pro-apoptotic proteins by GSK3 promotes intrinsic mediated
apoptosis while its phosphorylation of anti-apoptotic molecules neutralizes their action as
blockers of apoptosis. Similarly, in a coordinated fashion, GSK3 promotes increased
expression of pro-apoptotic molecules induced by intrinsic stimuli while reducing the
expression of anti-apoptotic molecules. Together, these actions underlie the ability of GSK3
to facilitate cell death induced by the intrinsic apoptotic pathway.

In contrast to the intrinsic pathway, in extrinsic apoptotic signaling GSK3 inhibits inception
of the cascade by impeding activation of the initiator caspase-8. This upstream anti-apoptotic
site of action of GSK3 in extrinsic apoptotic signaling thwarts the pro-apoptotic actions of
GSKa3 that are targeted downstream at the level of the mitochondria by blocking the signal
from reaching that stage of the apoptosis cascade. It is particularly interesting that this avoids
any overlapping and conflicting signals in the opposite actions of GSK3 on the two apoptotic
pathways, a distinction made possible because of the target sites of GSK3 in each apoptotic
signaling pathway. Thus, in the extrinsic pathway the target of GSK3 is upstream in the cascade
to inhibit its initiation by blocking activation of caspase-8 thereby impeding the signal before
it reaches the mitochondrial level (in type 1l cells involving caspase-8 signaling through Bid
to the mitochondria) where GSK3 has the opposite action of promoting apoptotic signaling.
Conversely, caspase-8 generally is not involved in intrinsic apoptotic signaling, so inhibition
of caspase-8 activation by GSK3 does not influence its facilitation of the intrinsic apoptotic
cascade. Thus there is a clear segregation of the actions of GSK3 on these two apoptotic
signaling cascades, which allows GSK3 to effectively regulate each pathway individually and
in opposite directions. Taken together, the apparent paradoxical effects of GSK3 on apoptosis
now are understood as being compatible because they are due to differences in its effects on
these two pathways of apoptotic signaling.

Therefore, physiologically the dual actions of GSK3 on intrinsic and extrinsic apoptotic
signaling indicate that GSK3 contributes to cellular sensing mechanisms that set the tolerance
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threshold for incoming apoptotic signals. This responsibility returns us to the concept that
GSKa3 has to be a tightly regulated enzyme and that this regulation needs to be substrate-
selective. The convergence of multiple intracellular signals impinging on GSK3 regulate it in
such a way that the activity of GSK3 contributes to shifts in the balance between survival and
apoptosis. For example, in healthy cells many receptor-coupled intracellular signaling
pathways dynamically signal to GSK3 by regulating the activities of GSK3-serine-
phosphorylating enzymes and phosphatases to maintain GSK3 within a tolerable range of
oscillating activity associated with cycles of its phosphorylation and dephosphorylation. In
such cells, this convergence of signals on GSK3 maintains a strong anti-apoptosis signal,
strengthening the ability of cells to ward off the detrimental effects of potentially lethal
conditions that can activate the intrinsic apoptosis signaling pathway. However, if the survival
signals converging on GSK3 are weakened, GSK3 becomes more active due to decreased
serine-phosphorylation, allowing intrinsic apoptosis to proceed in damaged cells containing
weakened defenses. On the other hand, death receptor-induced extrinsic apoptosis often
involves the killing of cells that have adequate growth factor signaling. In this case, inhibition
of GSK3 is the optimal condition to allow extrinsic apoptosis to proceed, so death receptor
stimulation is capable of killing cells even though such cells are protected from intrinsic
apoptosis. Thus the apparent paradoxical effects of GSK3 on apoptosis are resolved and now
can be understood as functioning to allow GSK3 to be a central integrator and sensor of signals
that impact on cellular survival.

Understanding these opposite influences of GSK3 on the two apoptosis signaling cascades may
facilitate the rational design of strategies to modulate apoptosis for therapeutic applications.
Intrinsic and extrinsic apoptotic signaling are normal mechanisms used to rid organisms of
unwanted cells, the former in response to cell damage and the latter in response to external
signals. Aberrant apoptosis can occur in association with a wide variety of diseases, especially
well-documented for abnormally high apoptosis in neurodegenerative diseases and deficient
apoptosis in cancer. Thus, modulating apoptosis by GSK3-regulating drugs may provide a
powerful approach to attenuate apoptosis in neurodegenerative diseases or to eliminate
proliferative cancer cells. Since GSK3 appears to be an important component of both apoptosis
mechanisms, in these conditions GSK3 provides a potential therapeutic target to reduce
detrimental apoptosis or to increase beneficial apoptosis, and the rapidly burgeoning number
of GSK3 inhibitors provides an arsenal of agents that may contribute to regulating disease-
associated apoptosis. For example, the use of lithium to inhibit GSK3, which is already used
in humans for the treatment of mood disorders (Jope, 1999), may prove to be beneficial for the
protection of neuronal cells from intrinsic apoptotic signaling in neurodegenerative diseases.
On the other hand, potentiation of death receptor-induced extrinsic apoptotic signaling is
enhanced by lithium and other GSK3 inhibitors, and these may be useful in cancer therapies
in conjunction with agents that activate death receptors, for example by employing GSK3
inhibitors in combination with the DR4/DR5 activating ligand TRAIL, since these death
receptors are preferentially expressed in cancer cells so this combination may prove to be
particularly efficient for killing tumor cells. Thus, this fuller understanding of the differential
effects of GSK3 on the two apoptotic signaling pathways provides a basis for designing new
therapeutic approaches for a number of diseases by incorporating the judicious use of inhibitors
of GSK3.

6. Conclusions

Among the large number of substrates and signaling pathways impacted by GSK3, apoptosis
regulation is of particular interest because of the intriguing dual nature of the regulatory effects
of GSK3 and the potential therapeutic applications of inhibitors of GSK3. The maintenance of
appropriate levels of GSK3 activity is crucial, because either too little or too much GSK3
activity can promote cell death in certain conditions. Increased GSK3 activity lowers the
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threshold for activating the intrinsic apoptotic pathway, so pharmacological inhibition of GSK3
raises the threshold for signals that activate this mechanism of programmed cell death. This
reduction of the intrinsic apoptotic threshold by GSK3 is mediated by the regulatory actions
of GSK3 on proteins involved in causing mitochondrial disruption and the expression levels
of apoptotic-regulating proteins. However, over-expression of supraphysiological levels of
GSKa is sufficient to modulate these, and perhaps other, targets to a large enough extent to
allow apoptosis to proceed in the absence of an additional apoptotic insult. In contrast to these
conditions, GSK3 increases the threshold for extrinsic apoptotic signaling by repressing
initiation of the death receptor-mediated activation upstream of caspase-8, an early event in
this pathway, so GSK3 inhibitors facilitate signaling by the extrinsic apoptotic pathway. Thus,
studies of the role of GSK3 as a cellular sensor that integrates stimuli that activate apoptosis
have revealed its dual functions to promote intrinsic, and inhibit extrinsic, apoptotic signaling.
The understanding of such mechanisms has important implications in the therapeutic
applications of GSK3 inhibitors in conditions associated with intrinsic or extrinsic apoptotic
signaling.
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Fig. 1.

Mechanisms that regulate the actions of GSK3. Four mechanisms act in concert to regulate the
phosphorylation of substrates by GSK3. Substrate phosphorylation by GSK3 is limited by the
activity of the priming kinase which prepares the substrate for GSK3 because GSK3 most often
phosphorylates primed substrates that are prephosphorylated four residues C-terminal to the
GSK3 phosphorylation site. A major mechanism for inhibiting the activity of GSK3 is via
serine-phosphorylation, so activity is inhibited when serine-9 of GSK3p or serine-21 of GSK3a
is phosphorylated. Conversely, the activity of GSK3 is optimal when phosphorylated on
tyrosine-216 of GSK3p or tyrosine-279 of GSK3a (not shown). When the substrate is
prephosphorylated and GSK3 is active, with the regulatory serine dephosphorylated, two
spatial restrictions also contribute to regulating the actions of GSK3, its subcellular localization
and its association with other proteins in regulatory complexes. GSK3 is considered to be
largely a cytosolic enzyme, but it is also associated with, or internalized in, subcellular
compartments such as the nucleus, mitochondria, and growth cones, so dynamic regulation of
the subcellular localization of GSK3 can regulate its access to substrates within subcellular
compartments. Besides this gross cellular distribution of GSK3, its distribution in the cell is
constrained by its propensity to be associated in protein complexes which provides an important
mechanism for regulating its phosphorylation of specific substrates that are colocalized in such
complexes. Thus, substrate-specific regulation of phosphorylation by GSK3 is achieved by
regulation of the priming kinase activity, phosphorylation of GSK3, the subcellular localization
of GSK3, and assembly of GSK3 in protein complexes.

Prog Neurobiol. Author manuscript; available in PMC 2006 October 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beurel and Jope Page 25

(A) (B)

Intrinsic stimuli
DNA Damage

Oxydative stress

Intrinsic stimuli '
ER stress Microtubules

DNA Damage
Oxydative stress

others
ER stress P i
Bid others - Bel2 Bim % §
Bim i tau’

tBid Bel2
L _C— l . BelxL nucleus
Bid Bax’ tsid
Bid ol
P Cc X VDAC F BaX gDt
o cytochrome ¢
e 04
_
=
(—— ——em—
Procaspase-3 (Cmm—— ! N

i<7 APAF-1
; aate | Y‘ chrome ¢
. ——)
Caspase-3 ' . APOPTOSOME
Procaspase-3
APOPTOSIS l<7
Caspase-3 . . APOPTOSOME
APOPTOSIS
Fig. 2.

The intrinsic apoptotic signaling pathway. (A) Depiction of the intrinsic apoptotic signaling
pathway. In response to cell damaging insults, pro-apoptotic members of the bcl-2 family (e.g.,
Bax, Bim) are activated and they translocate to the mitochondria to neutralize anti-apoptotic
proteins (e.g., bcl-2, Mcl-1, Bel-xL). This results in disruption of mitochondria which triggers
the release of pro-apoptotic molecules from the mitochondrial intermembrane space. Released
cytochrome c clusters with APAF-1 and procaspase-9 in the presence of dATP to form the
apoptosome to activate caspase-9. Activated caspase-9 cleaves and activates caspase-3,
triggering a caspase cascade which ultimately results in the death of the cell. (B) GSK3
promotes the intrinsic apoptotic signaling pathway be regulating transcription factors that
control the expression of pro- and anti-apoptotic proteins, by promoting microtubule disruption
and cell structural changes that occur during apoptosis, and by promoting disruption of
mitochondria.
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Fig. 3.

The extrinsic apoptotic signaling pathway. (A) Depiction of the extrinsic apoptotic signaling
pathway. The four major apoptosis-inducing death receptors are activated when Fas ligand
(FasL) activates Fas, TRAIL activates DR4 or DR5, or TNF activates TNF-R1 (left inset). The
binding of the ligand to the death receptor induces trimerization of the receptor which produces
a conformation that recruits FADD and procaspase-8 to the cytoplasmic tail of the receptor,
altogether forming a protein complex known as the DISC. Within the DISC, caspase-8 is
activated by auto-cleavage. In type I cells, sufficient active caspase-8 is generated to directly
activate caspase-3 to carry out the apoptotic program. In type II cells, activation of caspase-8
leads to activation of caspase-3 indirectly through cleavage and activation of Bid, forming tBid,
which activates the mitochondrial apoptotic mechanisms that are involved in the intrinsic
apoptotic pathway. (B) GSK3 inhibits the extrinsic apoptotic pathway by impairing
transduction of the signal from activated death receptors to the activation of caspase-8.
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Table 1

Apoptosis-inducing conditions promoted by GSK3

Stimulus

References

Growth factor withdrawal and PI13K

inhibition

DNA damage

ER stress
Mitochondrial toxins
Hypoxia/ischemia

Glutamate excitotoxicity

Platelet activating factor
Hypertonic stress
Ceramide

Ethanol

Oxidative stress

Alzheimer’s disease-
related toxicity

Parkinsons disease-related toxicity

Prion peptide

Amyotrophic lateral sclerosis-

related toxicity
HIV-related toxicity
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