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Recent evidence suggests that glycogen synthase kinase 3s (GSK 3s) and their upstream and
downstream regulators have key roles in many fundamental processes during
neurodevelopment. Disruption of GSK 3 signaling adversely affects brain development and
is associated with several neurodevelopmental disorders. Here, we discuss the mechanisms
by which GSK 3 activity isregulated in the nervous system and provide an overview of the
recent advances in understanding how GSK 3 signaling controls neurogenesis, neuronal
polarization, and axon growth during brain development. These studies suggest GSK3 asa
major signaling node that mediate multiple signaling molecules regulating
neurodevelopment, such as DISC1, Par3/6, and Wnts.

Glycogen synthase kinase 3s are serine/threonine kinases that were originally identified as
key regulatory enzymes in glucose metabolism® 2. There are two isoforms, GSK 3a and
GSK 3B, encoded by separate genes, which are overall 85% homologous to each other, with
95% identity in the kinase domains3. In rodents and humans GSK 3p2, an aternative splice
variant of GSK3p has been reported, which contains a 13 amino acid insertion in an externa
loop near the catalytic domain®. In contrast to the ubiquitously expressed GSK3p1, GSK3p2
is expressed specifically in the nervous system, with the highest levels found during
development?. Interestingly, recent studies suggest that GSK 3p2 plays a specific part in
neuronal morphogenesis /n vitre® 8, and it remains to be determined whether different
isoforms have specific functions /n vivo during brain development. Since their discovery,
GSK 3s have been shown to mediate various signaling pathways, among which the growth
factor and Wnt signaling pathways are the most studied”. Consistent with the roles of
growth factors and Wnt proteinsin the nervous system, especially during neurodevel opment,
emerging evidence points to GSK 3s as key regulators in multiple neurodevel opmental
processes, including neurogenesis, neuronal migration, neuronal polarization and axon
growth and guidance.

How do GSK3s regulate such awide spectrum of developmental events? The answer may
lie in the broad range of GSK 3 substrates. Among GSK 3 substrates are many transcription
factors, such as cCAMP response element-binding protein (CREB)8, nuclear factor of
activated T-cells (NFAT)? 10, neurogenin 211, Smad112, ¢-Junl?, and B-catenin, all of
which play important partsin the regulation of gene expression throughout
neurodevelopment. GSK 3s regul ate these transcription factors by controlling their protein
levels, DNA binding activities, and/or nuclear localization. In addition to gene expression,
cell morphogenesis requires reorganization of the cytoskeleton, especially microtubules.
GSK 3s regulate the activity of several microtubule-associated proteins (MAPs)1°, and so
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might control mitotic spindle reorganization during cell division, coordinated movement of
the leading process and soma during neuronal migration, and directed growth cone
advancement during axon growth and guidance, al of which require coordinated control of
microtubule dynamics. Changesin GSK 3 activity have been associated with many
psychiatric and neurodegenerative diseases, such as Alzheimer’s disease, schizophrenia, and
autism spectrum disorders, and it has become increasingly apparent that GSK3 might be a
common therapeutic target for different classes of psychiatric drugs!®: 17. Indeed, lithium, a
direct inhibitor of GSK 318, has been used in humans as amood stabilizer for over 50
years'®. The hypothesis that disturbances of brain development play a part in the etiology of
these disordersis further supported by the fact that several genetic susceptibility factors for
psychiatric disorders have key roles in neurodevel opment. Intriguingly, many of the genes
associated with schizophrenia encode proteins involved in GSK3 signaling, such as
Disrupted-In-Schizophrenia 1 (DISC1), Neuregulin 1, and Frizzled-3%0. Genes associated
with autism spectrum disorders a so encode proteins that are involved in the modulation of
or that are affected by GSK 3 activity, including phosphatase and tensin homolog deleted on
chromosome 10 (PTEN)2L, DISC122, serotonin?3, tuberous sclerosis complex 1/2
(TSC1/2)?4, and adenomatous polyposis coli (APC)2> 26, Therefore, a better understanding
of the role of GSK 3 in neurodevel opment could provide insight into the etiology of these
disorders and possibly open up the potential of anew library of therapeutic targets.

In this Review, we provide an overview of the involvement of GSK3 signaling in
neurodevelopment, with a particular emphasis on neurogenesis, neuronal polarization, and
axon growth. We will also discuss the potential crosstalk between GSK3 signaling and other
pathways that are implicated in these developmental steps.

Regulation of GSK3 activity in the CNS

GSK3isan unusual kinase, in the sensethat it has a high basal activity in resting cellsand is
inactivated by upstream regulators in response to stimuli. Several signaling pathways
regulate GSK 3 activity (Fig. 1). Activation of the phosphatidylinositol 3-kinase (PI3K)
pathway downstream of receptor tyrosine kinase signaling is thought to result in inactivation
of GSK 3 through phosphorylation of the N-terminal serine residue (S9in GSK3p and S21 in
GSK3a). It iswidely accepted that AKT is the major mediator of this serine
phosphorylation and subsequent inactivation of GSK 3 (Fig. 1)27: 28, However, mutant mice
(GSK3a.-S21A/GSK 3p-S9A double knock-in mice) with GSK3s that cannot be
phosphorylated at their N-termini developed normally with no overt phenotype in the
nervous system (athough insulin-induced activation of glycogen synthase was disrupted in
the muscle)?. This suggests that alternative pathways might regulate GSK 3 activity,
especially in the nervous system. Indeed, a recent study3C showed that p38 MAPK regulates
the activity of GSK 3, but not GSK3a, by inducing an inhibitory phosphorylation on S389
(Fig. 1). However, p38 MAPK-mediated phosphorylation is insufficient to provide a
regulatory mechanism of GSK 3 in the nervous system because both isoforms of GSK3 are
required for normal development3L.

In the canonical Wnt pathway, Wnt-induced dissociation of GSK 3 from its substrate -
catenin leads to the stabilization and activation of B-catenin. Upon Wnt stimulation, GSK3 is
recruited to the membrane, where PPPSPX S motifs in the co-receptor low-density
lipoprotein receptor-related protein (LRP) 5/6 associate with and inhibit GSK3 activity
towards B-catenin (Fig. 1)3% 33, Regulation of GSK3 by LRP5/6 is achieved via protein-
protein interaction, which sequesters GSK3 away from its substrate without affecting the
kinase activity per se Regulation of GSK3 activity towards a particular substrate rather than
general inhibition of its kinase activity per seis also exemplified in arecent finding?2, which
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suggested that by physically interacting with GSK3 DISC1 prevents GSK 3 from
phosphorylating -catenin.

Both in response to Wnt34 and growth factors3® GSK 3 activity is regulated by a conserved
cell polarity pathway involving Cdc42-Par3/6-PKCq (Fig. 1). The regulation of GSK3
activity by the Par complex was first described in directed cell migration3. Specifically,
localized activation of the small GTPase Cdc42 at the leading edge recruits the Par3/Par6/
PK Cg complex, which interacts with GSK3p, leading to its phosphorylation and
inactivation3®, Although GSK 3 phosphorylation occurs as a consequence, PK Cg is unable to
directly phosphorylate GSK 327 and a study using fibroblasts derived from GSK 3a.-S21A/
GSK3B-S9A double knock-in mice3” demonstrated that GSK 3 phosphorylation is not
required for the Par3/6-mediated GSK 3 inhibition. Instead, dishevelled (Dvl) and axin have
been suggested to mediate GSK 3 inhibition through this pathway by inducing a physical
association between Dvl and PKCg during directed cell migration (Fig. 1). Interestingly, a
recent study38 shows that Par3 directly binds PI3K and enhances its activity, providing an
alternative explanation for the increased GSK3 phosphorylation downstream of Par3.
Together, these lines of evidence suggest protein-protein interaction as arecurrent theme in
the regulation of GSK3 activity, which in many cases does not require changesin the
phosphorylation status of GSK3 (Box 1).

GSK3 signaling in neurogenesis

Recent evidence?? 3940 guggests that GSK 3 signaling is essential for the coordination of
progenitor proliferation and differentiation during brain development. Because the
developmental process of mouse neocortex (Fig. 2) has been well-documented, we will use
it asamodel system to discuss the role of GSK3 signaling in neural development.

GSK3 inactivation promotes progenitor proliferation

A recent study3° revealed a pivotal role of GSK 3 signaling in the developing nervous system
by selectively deleting both Gsk3a and Gsk38in neural progenitors. The double knock-out
mice had a significantly increased cortical surface areawith a convoluted shape, due to an
over-expansion of the neural progenitor cells. However, the cortex was thinner than that of
control littermates, indicating a reduced number of neurons. Indeed, further analysis using
various markers of progenitors, intermediate progenitor cells (IPCs) and post-mitotic
neurons showed that deletion of GSK3s markedly enhanced the proliferation of progenitor
cells while suppressing neuronal differentiation, indicating that spatiotemporal regulation of
GSK3 activity isrequired for appropriate transition from the proliferative to the neurogenic
phase during brain development.

Various signaling pathways have been identified to regulate neural progenitor proliferation,
including Wnt*1, sonic hedgehog (Shh)#2, fibroblast growth factor (FGF)43, and Notch
signaling pathway**. Intriguingly, GSK3 isimplicated in the regulation of each of these
pathways. In the canonical Wnt pathway, inhibition of GSK3 is crucial for the stabilization
and nuclear translocation of B-catenin that leads to the subsequent activation of the T-cell
factor (TCF) 4-dependent gene transcription. As discussed above, athough the regulatory
mechanism is not clear, GSK3 is awell-known downstream effector of PI3K, which
provides an explanation for the disruption of FGF signaling in GSK 3-deleted brains®®. The
mechanism by which Shh signaling was elevated in Gsk3deleted brains3® is unclear, but a
study in Drosgphild® suggests that GSK 3 controls the stability of key transcriptional
effectors (Ci/Gli proteins) in the Hedgehog pathway in asimilar way asit regulates -
catenin in the Wnt pathway. There are contradicting results of how GSK 3 regulates Notch
signaling. In one study“® Notch protein was stabilized by GSK 3-mediated
phosphorylation®6, whereas in another study the transcriptional activity of Notch was
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enhanced by inhibition of GSK3*’. However, the fact that Notch signaling was
hyperactivated in Gsk3deficient brains®® suggests that GSK 3 negatively regulates Notch
signaling in neural progenitors. Together, these lines of evidence suggest that GSK 3 might
function as a node molecule of multiple signaling pathways and thereby coordinate the
proliferation and differentiation of neural progenitors.

The role of GSK3 signaling in neurogenesisis further supported by two recent studies?? 40,
in which DISC1 or Par3 — upstream regulators of GSK3 — were manipulated in neural
progenitors. Ectopic expression of either DISC1 or Par3 increased progenitor proliferation
and suppressed neuronal differentiation, reminiscent of Gsk3knock-out mice. One study?2
showed that DISC1 directly interacts with GSK3, which seemed to prevent GSK3 from
phosphorylating B-catenin and that over-expression of DISC1 led to the activation of
canonical Wnt signaling. The other study#C did not directly test the involvement of GSK 3
but showed that over-expression of Par3 led to the activation of Notch signaling, which was
also observed in Gsk3knock-out mice3®. As Wnt and Notch signaling independently
promote the proliferation of progenitorsin Gsk3knock-out mice3?, it could be suggested
that DISC1 and Par3 regulate GSK 3 activity in the Wnt and the Notch pathway,
respectively, allowing pathway-specific control of GSK 3. These lines of evidence suggest
that inhibition of GSK 3 signaling, by either deleting Gsk33° or over-expressing their
negative regulators?2 40, promotes the proliferation of progenitor cells while suppressing
their differentiation into neurons.

GSK3 activation promotes neuronal differentiation

Kim er a.3 found that phosphorylation levels of c-Myc and -catenin, targets of GSK3,
were increased at later stages in development when progenitor proliferation is subsiding and
neuronal differentiation predominates. Because both c-Myc*8 and B-catenin are pro-
proliferation factors and phosphorylation by GSK3 leads to their degradation, this finding
suggests that activation of GSK3 promotes neuronal differentiation. Supporting this notion,
Disc1 knockdown in neural progenitors caused premature neuronal differentiation at the
expense of the size of the progenitor pool22, When GSK 3B signaling was examined, the
levels of phosphorylated B-catenin and tyrosine-phosphorylated GSK 3, which is associated
with increased kinase activity (see Box 1), were increased?2. Moreover, it was shown that
pharmacological inhibition of GSK3 prevented the progenitor proliferation defects induced
by Disc1 knockdown?2, These results suggest that the premature differentiation observed in
DISC1-depleted cells might have been due to activation of GSK 3 signaling, although future
studies of Disc knock-out mice are needed to confirm this conclusion. Depletion of Par3
also increases the neuronal population with a concomitant decrease in the number of
progenitor cells?0. Future studies are required to determine if this defect is also attributed to
GSK3 activation.

As mentioned above, GSK 3 has high basal activity in resting cells, and signaling is usually
initiated by GSK 3 inactivation in response to extracellular factors. However,
lysophosphatidic acid (LPA) appears to increase GSK3 activity above basal levels, and that
this activation isin part mediated by the small GTPase RhoA%°. Consistent with the idea that
GSK3 activation promotes neuronal differentiation, treatment of ex vivo cultured cortical
hemispheres with LPA promoted terminal mitosis of neural progenitors, leading to their
differentiation into neurons®. Moreover, arecent study>! showed that Lfc, aguanine

nucl eotide exchange factor of RhoA, promotes neuronal differentiation®!. Knocking down
L f¢, which inhibits Rho activation, increased the pool of radial glial progenitors and
prevented neurogenesis, whereas genetic silencing of 7ctex-1, a negative regulator of Lfc,
had the opposite effect®l. Although these results are consistent with the hypothesis that
activation and inactivation of GSK3 promote neuronal differentiation and progenitor
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proliferation, respectively, it remains to be determined if these effects are indeed mediated
by regulation of GSK3 activity.

The conventional view isthat GSK3 is congtitutively activein resting cells. If thisisthe
case, neural progenitors would undergo neuronal differentiation without any additional
stimuli. However, arecent study®2 showed that an extracellular cue, retinoic acid derived
from forebrain meninges, is required for neuronal differentiation®2. Interestingly, it has been
shown that retinoic acid decreases S9 phosphorylation of GSK3p°3 and increases GSK 3
expression?®, raising the intriguing possibility that retinoic acid signaling leads to the
elevation of GSK3 activity above basal levelsto control neurogenesis. Supporting this
hypothesis, Par3 was significantly upregulated in neural progenitors in the absence of
retinoic acid®2. Collectively, these studies provide some indirect evidence that GSK 3
activation might also be regulated by extracellular cues during neuronal differentiation. The
most direct way to test if an increase in GSK3 activity promotes neurona differentiation
would be to over-express GSK3 in the developing brain. Unfortunately, the currently
available GSK 3 transgenic mice over-express GSK 3 under the control of the 7Ay-1
promoter, which is specifically expressed in post-mitotic neurons®?, rendering them
unsuitable for examining the role of GSK3 in neurogenesis. A mouse model that over-
expresses GSK 3 specifically in neural progenitorsis needed to test thisidea.

GSK3 controls neurogenesis via coordinated regulation of protein degradation and
microtubule reorganization

Emerging evidence suggests that GSK 3 regulates the stability of awide range of proteinsvia
activation of the ubiquitin-proteasome system (UPS)%® 56, Thus, one plausible mechanism
by which GSK 3 regulates neurogenesisis by controlling the levels of moleculesinvolved in
neurogenesis. Prominent candidates are transcriptional regulators, such as p-catenin in the
Wnt pathway, Gli in the Shh pathway, and c-Myc in the FGF pathway3%: 4 48, al| of which
control progenitor proliferation through regulation of gene transcription. Supporting this
hypothesis, during mitotic cell division GSK 3-phosphorylated p-catenin, which is destined
for degradation, isinherited by only one daughter cell®’. Thus, it is possible that during
asymmetrical division of radial glial cells, two daughter cells have different GSK3 activity
owing to asymmetrical segregation of upstream GSK 3 regulators (e.g. Par3). The daughter
cell with lower GSK 3 activity will accumulate p-catenin (and perhaps other pro-proliferative
proteins) and thus remains a progenitor. Conversely, the daughter cell with higher GSK3
activity will degrade these proteins through activation of the UPS and differentiate into
either aneuron or an IPC (Fig. 3).

In addition to proteins regulating gene transcription, GSK 3 could also regulate other
molecules that are important for controlling proliferation or differentiation. A recent study>8
has shown that during asymmetrical division of radial glia progenitors, daughter cells
inheriting the centrosome that contains the new centriole migrate away from the ventricular
zone (VZ) and differentiate into neurons. By contrast, daughter cells inheriting the
centrosome that contains the original, mature centriole retain the capacity to self-renew and
remain in the VZ. Removal of Ninein, which is mainly localized in the mature centriole,
disrupts the asymmetric segregation of the centrosome and promotes neuronal
differentiation. Intriguingly, Ninein is a substrate of GSK3°%-61 and its level is regulated by
the UPS®2, Therefore, during asymmetrical division Ninein would be accumulated in the
daughter cell with low GSK3 activity. As Ninein is amicrotubule minus end-anchoring
protein involved in the formation of astral microtubules (which anchor cells to their niches)
daughter cells with Ninein in their centrosome are more likely to be anchored to the apical
surface of VZ and inherit a progenitor fate. On the other hand, daughter cells with high
GSK3 activity will havelittle Ninein in their centrosome, leading to their detachment from
the VZ surface and becoming neurons or 1PCs.
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Another major class of GSK 3 substrates consists of MAPs, which control several aspects of
microtubule dynamics. APC is not only a component of the Wnt pathway that regulates §3-
catenin stability but also a MAP that belongsto afamily of microtubule plus end-binding
proteins (+T1Ps)83. When GSK 3 activity isinhibited, APC binds to microtubule plus end
and there, it anchors the spindle microtubules to the kinetochore or the astral microtubulesto
the cell cortex, both of which are important for (symmetrical and asymmetrical) cell
division. APC has akey rolein asymmetrical stem cell division by anchoring one daughter
cell in the specific niche so that it retains self-renewal capacity®4. In the Wnt signaling
pathway, APC interacts with GSK3 to degrade B-catenin, and, similar to Gsk3deletion, loss
of APC leads to stabilization of B-catenin and subsequent activation of TCF4%. However, in
contrast to Gsk3knock-out, removal of Apcin progenitors results in reduced rather than
increased proliferation, which is probably due to the role of APC in regulating microtubules
during cell division.

In summary, GSK3 signaling is emerging as a key regulator of neurogenesis; through itsrole
in the regulation of protein stability and microtubule assembly, it coordinates proliferation
and differentiation (Fig. 3).

GSK3 signaling in neuronal polarization

Studies in cultured hippocampal and cortical neurons have identified a number of molecules
involved in neuronal polarization. These proteins, which include PI3K, AKT, GSK3, the
small GTPases Racl and Cdc42, and the Par polarity complex86-76, might act in distinct
neuronal populations at specific stages of embryonic development, but it is also possible that
they form anetwork that controls neural development in a coordinated manner. In this
regard, GSK3 is an appealing candidate ‘ coordinator’ because it can respond to and integrate
upstream signal's, and downstream, it can phosphorylate various substrates involved in a
wide array of cellular activities’’. Below we discuss the evidence for arole of GSK3
signaling in neuronal polarization and explore the potential crosstalk of GSK3 signaling
with other pathways involved in polarization (Fig. 4).

GSK3 regulates neuronal polarization by controlling microtubule dynamics

Several lines of evidence point to GSK3 as an essential regulator of neuronal polarity.
Studies in hippocampal neurons show that the inactive form of GSK3p (phosphorylated at
S9) islocated at the tip of each neurite before polarization, but when neurons begin to
polarize and one of these neurites develops into the axon, phospho-GSK 3B becomes
concentrated at the axonal tip, suggesting that maintaining local inactivation of GSK3p at
the nascent axon is crucial for polarization®: 73 76, |ndeed, global inhibition of GSK3 by
small-molecule inhibitors or knocking down Gs«36 induces the formation of multiple axons,
whereas over-expressing GSK3p-S9A prevents axon formation®®. Furthermore, local
inhibition of GSK3 can convert dendritic processes into axons in already polarized
neurons®9, suggesting that localized inactivation of GSK 3 is required for both the
establishment and maintenance of neuronal polarity®®: 76, To date, it is not clear how GSK3
inactivity becomes limited to one neurite during neuronal polarization.

Neuronal polarization requires major reorganization of the growth cone cytoskeleton. It has
been proposed that aloose actin network at the tip of the future axon enables microtubules
to selectively engorge into the axonal growth cone, forming the platform for subsequent
axon elongation’8-82, A recent study®3 showed that microtubule stabilization in one neurite
precedes axon formation, and that changing microtubule dynamics is sufficient to alter axon
and dendrite specification83, pointing to the notion that regulation of local microtubule
stability and dynamics has an instructive role in neuronal polarization84.
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Severa substrates of GSK3 are involved in neuronal polarization by regulating microtubule
dynamics; these include collapsin response mediator protein 2 (CRMP2), APC, Tau, and
microtubul e-associated protein (MAP) 1b. Binding of CRMP2 to tubulin dimers, which is
abolished by GSK 3B phosphorylation’®, promotes microtubule polymerization8®. CRMP2 is
enriched in the nascent axon and over-expression of CRMP2 is sufficient to induce the
formation of multiple axons3®. In hippocampal neurons, the microtubule +TIP protein APC
localizes at the tip of immature neurites, and later becomes enriched in the growth cone of
the nascent axon8’. Similar to CRMP2, microtubule-binding activity of APC is abrogated by
GSK 3p phosphorylation88. Thus, GSK3p inactivation in the nascent axon promotes the
association between APC and microtubule plus ends and thereby stabilizes the growing ends
of axona microtubules to support axon extension. Aswith CRMP2 and APC, Tau
phosphorylation by GSK3p abolishesits binding to microtubules and thus impairs
microtubule assembly89. GSK 3 phosphorylation of MAP1b maintains microtubulesin a
dynamic state®0. However, the lack of polarity defect in Taw/Map1b double knock-out mice
suggest that they mainly function to regulate axon growth rather than neuronal
polarization92.

GSK3 signaling and the PI3K/AKT pathway

Local activation of PI3K and accumulation of phosphatidylinositol-3,4,5-trisphosphate
(PIP3) at the tip of the nascent axon is thought to act as alandmark for the induction of
neuronal polarization. Several studies’® 73 76 have proposed amodel of neuronal
polarization in which local activation of the PI3K/AKT pathway |eads to the inactivation of
GSK3B by inducing S9 phosphorylation. Supporting this model, the myristoylated,
congtitutively active form of Akt (Myr-AKT), but not the wild-type, induced the formation
of multiple axons, which was partially blocked by over-expression of GSK3p-S9A.
Moreover, ectopic expression of PTEN (a phosphatase that counteracts the actions of PI3K)
prevented axon formation, an effect that was reversed by a GSK 3 inhibitor9, Conversely,
knocking down PTEN induced the formation of multiple axons, which was prevented by
expression of GSK3p-S9A, leading the authors to conclude that GSK3p acts downstream of
PI3K/AKTO9. However, neurons from GSK 3a.-S21A/GSK3B-S9A double knock-in mice
develop normal polarity /n7 vivoand in vitra®2. Importantly, these neurons still form multiple
axons when treated with various GSK 3 inhibitors. These results confirm that regulation of
GSK3 activity is crucial for neuronal polarization, but suggest that there might be alternative
mechanisms for GSK 3 inactivation. Similarly, the finding that expression of Myr-AKT
induces multiple axons suggests an alternative pathway downstream of AKT for regulating
polarization.

GSK3 signaling and the Par3/Par6/PKCg polarity pathway

The Par3/Par6/PK Cg complex is required for axon-dendrite specification of hippocampal
neurons. Before polarization, Par3 and Par6 are localized at the tips of all processes but later
on they become selectively enriched in the nascent axon and devel oping growth cone’ 93,
which is consistent with their roles as negative regulators of GSK 3. Localized inhibition of
GSK 3 at the nascent axon is also required for the polarized transport and proper localization
of Par3"3, suggesting a feedback regulation between Par3 and GSK 3.

Similar to the aforementioned mechanism that controls directed cell migration involving the
Par3/6-GSK 3 pathway?37, in hippocampal neurons DvI becomes enriched at the tip of the
axon in response to Wnt5a and induces axon formation via activation of PKCg in the Par3/
Par6/PK Cc, complex4. In these neurons, Dv/ over-expression leads to the production of
multiple axons but did not affect GSK 33-S9 phosphorylation, and Dvl was still able to
induce multiple axon formation in the presence of GSK3p-S9A%4. Based on these results,
authors concluded that this pathway might not involve GSK 3, but might employ
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microtubule affinity-regulating kinase (MARK) 2/Parl as an alternative downstream
effector to control microtubule dynamics®. In this model, activation of PKCg in response to
Whnt5a/Dvl leads to the inhibitory phosphorylation of MARK2, which in turn causes
dephosphorylation of MAPs such as Tau (Fig. 4). Consistent with this, a previous
observation showed that knocking down Mark2 decreased Tau phosphorylation and induced
the formation of multiple axons, whereas ectopic expression of MARK2 increased Tau
phosphorylation and blocked axon growth®8, On the other hand, based on the remarkable
similarity of the players (Wnt5a, Dvl and PKCc) involved in neuronal polarization®* and
cell migration3’, it could be suggested that GSK 3 inactivation has a role downstream of
Wnt/DvI/PK Cg to control neuronal polarization as well. Interestingly, in Drosophila
MARK acts as a priming kinase, triggering subsequent Tau phosphorylation by GSK3g%,
suggesting that inactivation of MARK2 and GSK 3p at the axonal tip together reduce Tau
phosphorylation downstream of Par3/Par6/PK Cg complex. Further complicating the
situation are the findings that GSK 3@ can both directly activate® and inhibit%” MARK2 via
phosphorylation. The exact roles of MARK2 and GSK3f and their interplay during neuronal
polarization remain to be fully defined (Fig. 4).

GSK3 signaling and the LKB1-SAD pathway

The SAD kinases, SAD-A and SAD-B, which are expressed in the developing nervous
system, contain a kinase domain related to that of C. egansPAR-1 and its vertebrate
orthologs, MARK 1-MARK40, In the brains of Sad-A, Sad-B double knock-out (Sactnull)
mice, segregation of neuronal subtypes to sublayers within the cortical plate was disordered
and major axonal tracts were missing, suggesting that SAD kinases are required for neural
development /1 vivo. When cultured /n vitro, hippocampal neurons from Sadtnull mice
develop processes of equivalent lengths, each of which contains both dephosphorylated Tau
(Taul), which is often used as an axonal marker, and MAP2, which is normally enriched in
dendrites’®. In Sactnull brains, Taul was found not only in the axon-rich intermediate zone
but also in the cortical plate, where dendrites elaborate’, suggesting that SAD kinases play
apivotal role in neuronal polarization.

Similarly, neurons lacking L kb1, the ortholog of Par4in C. élegans, develop neurites of
equivalent length containing both Taul and MAP257: 72, |n the cortices of L kb1 knock-out
mice, levels of phosphorylated SAD-A and SAD-B were greatly reduced, and biochemical
experiments revealed that LKB1 phosphorylated SAD kinases®’. Phosphorylated forms of
LKB1 and SAD kinases were concentrated in axons, and LKB1-mediated SAD
phosphorylation correlated with Tau phosphorylation®”- 72, Thus, once LKB1 is activated in
axons, it activates SAD kinases, which in turn phosphorylate MAPs such as Tau. Although it
seems somewhat contradictory that SAD kinases are active in axons, which seemsto have
low levels of phosphorylated Tau%, these studiesS® 67. 70. 72 provide convincing evidence
that LKB1 and SAD kinases are required for neuronal polarization /n vivo. Interestingly,
when L kb1 was knocked down by /n utero electroporation, S9-phosphorylated GSK 3B was
not detectable at the tip of any neuritesin cortical neurons despite the uniform distribution of
GSK3p%6, suggesting that GSK3p could be a downstream target of LKB1 (Fig. 4). To date,
it remains unclear if the defectsin neuronal polarization observed in L kbI-depleted neurons
involve GSK3 signaling. It is, however, interesting to note that a study in Xengpusshowed
that LKB1/XEEK1 regulates GSK 3 activity and physically associates with GSK3p and
aPK C in vivo®. Future studies should examine whether LK B1 regulates axonal
specification by inhibiting GSK3p in addition to activating SAD kinases.

GSK3 signaling and the TSC/mTOR pathway

Mutationsin 7scZand 7sc2cause tuberous sclerosis, a disease characterized by tumor
predisposition and neurologica abnormalities including epilepsy, mental retardation, and
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autism100, TSC1/TSC2 act as a heterodimer that negatively regulates mammalian target of
rapamycin (MTOR) signaling’©1. Upon activation of the PI3K/AK T pathway, AKT induces
inhibitory phosphorylation of TSC2, by which its GTPase activating protein (GAP) activity
towards Rheb is reduced, subsequently leading to the activation of mTOR kinase (Fig. 4).
MTOR in turn phosphorylates translational regulators, such as ribosomal S6 kinase (S6K)
and eukaryotic trandlation initiation factor 4E-binding protein (4EBP), and thereby induces
protein synthesis'92-104 |t has been suggested that inactivation of the TSC1/TSC2 complex
and subsequent mTOR activation in a single neurite regulates axon formation by inducing
the translation of polarity proteins such as SAD kinases'9°. Supporting this notion,
phosphorylated forms of S6K and 4EBP were enriched in the axon during polarization,
suggesting local activation of mTOR signaling'© 106, Together with the aforementioned
elevation of SAD kinase activity by LKB157, the control of SAD protein levels by TSC/
MTOR signaling might play arolein axon specification. Because GSK 3a.-S21A/GSK 3p3-
S9A double knock-in mice show normal neuronal polarization2, AKT phosphorylation of
TSC2 has been suggested as an aternative mechanism to convey PI3K/AKT signaling.

Notably, adirect interaction between TSC/mTOR signaling and GSK 3 has been reported in
the regulation of cell growth. Inoki er a.197 showed that inhibition of GSK 3 is sufficient to
activate mTOR-dependent protein translation through regulation of TSC2 phosphorylation.
It isthus plausible that suppression of GSK3 activity in the axonal growth cone hasarolein
the activation of local translational machinery for the synthesis of key proteins for
axonogenesis. Interestingly, mTOR activation in the axon leads to local translation of
Crmp2and Tau, both of which are GSK 3 substrates'. It will be of particular interest to
investigate whether the suppression of GSK3 activity at the tip of the axon controls neuronal
development by regulating local translation of polarity genes, including its own substrates,
in addition to directly controlling microtubule dynamics by regulating MAP
phosphorylation.

A role of GSK3 activation in dendrites?

Local inhibition of GSK3 in the axon indicates higher GSK 3 activity in dendrites. Does
active GSK 3 in dendrites play any role in polarization? Local protein degradation by
activation of the UPS is an appealing mechanism to control asymmetrical accumulation of
polarity proteins. Inhibition of the UPS with MG132 or lactacystin before or after the
establishment of neuronal polarity leads to the formation of multiple axons'%8, suggesting
that UPS activation is required for the establishment and maintenance of neuronal polarity.
Interestingly, AKT, Par3 and aPK C are ubiquitinated at early stages of polarization before
they become accumulated at axonal tips'98. UPS inhibition restores the presence of AKT in
all neurites, which is accompanied by multiple axon formation, suggesting that AKT isa
target of the UPS for local degradation in dendrites!®8. UPS inhibition does not seem to alter
the protein level of GSK 3B, but an increase in GSK3p-S9 phosphorylation was observed198,
suggesting changes in its activity. A recent study®® indicates that GSK3p regulates
proteolytic degradation of a much broader range of proteins than was previously
appreciated®. It will be interesting to investigate whether GSK 3 activation in dendritesis
involved in regulation of local protein degradation that contributes to redistribution of key
mol ecules during polarization.

GSK3 signaling in axon outgrowth

It iswell accepted that coordinated regulation of local axon assembly at the growth cone and
gene transcription in the neuronal somais required for efficient axon growth19, This section
will discuss evidence for GSK3 signaling in those processes.
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Differential regulation of GSK3 substrates to control local axon assembly

Local inhibition of GSK3 signaling is essential for promoting microtubule assembly at the
growth cone. However, in seemingly discrepant studies, inhibition of GSK3 blocked axon
growth. To reconcile this controversy, Kim et aPl suggested amodel in which inhibition of
GSK3 can both enhance and prevent axon growth depending on the substrates involved. An
interesting feature of GSK 3 is that, many substrates of GSK3s require phosphorylation by a
distinct kinase — an event known as priming — before they can be phosphorylated by
GSK3s (primed substrates), although GSK3s can also phosphorylate some substrates
without priming (unprimed substrates). Among GSK 3 substrates that regulate microtubule
assembly at the growth cone, APC and CRMP2 are primed substrates, and GSK 3
phosphorylation abrogates their microtubule-binding affinity’6: 88, Consistent with local
inhibition of GSK3 in the distal axon, dephosphorylated forms of CRMP2 and APC are
enriched in the growth cone, promoting axon formation and mediating neurotrophin-induced
axon growth 8 110 |nhibition of GSK 3 activity specifically towards primed (but not
unprimed) substrates (using a GSK 38-R96A construct)?8: 111 resuitsin reduced CRMP2
phosphorylation and increased axon outgrowth3L. By contrast, MAP1b is an unprimed
substrate, which can be phosphorylated by GSK 3 on S1260 and T1265 without priming®.
Phosphorylation of MAP1b at these sites renders microtubules more dynamic, so that they
can efficiently probe the intracellular space and respond to extracellular signals, activities
that are essential for axon growth!® 112, Therefore, to ensure efficient axon growth, GSK3
activity should be precisely controlled, so that its activity towards one subset of substratesis
specifically blocked while its activity towards othersis preserved (Fig. 5). Indeed, in
growing axons phosphorylated MAP1b is enriched at the distal ends of axons®, where
dephosphorylated forms of APC and CRMP2 are concentrated.

These findings have led to aworking model in which preferential suppression of GSK3
activity towards primed substrates promotes axon growth, whereas inhibition towards
unprimed substrates blocks axon growth (Fig. 5)3L. |dentification of additional GSK3
substrates enriched in the growth cone will help to test this hypothesis and better understand
how GSK 3 signaling controls local axon assembly. Moreover, further studies are required to
elucidate the molecular mechanisms by which GSK 3 activity towards different substrates
can be differentially regulated.

Transcriptional control of axon outgrowth by GSK3 signaling

In addition to stimulating the tips of axons for cytoskeletal regulation, GSK3 has been
implicated in the transcriptional control of axon growth viaregulation of §-catenin and
NFAT transcription factors. In the canonical Wnt pathway, Wnt3a induces axon growth
from developing sensory neurons via accumulation of p-catenin and subseguent activation
of TCF4 (Fig. 6)113, providing evidence for GSK 3/B-catenin signaling in axon growth.
GSK3 could aso play apart in the transcriptional control of neurotrophin-induced axon
growth by phosphorylating CREB and NFAT proteins. CREB is a well-established
transcription factor downstream of neurotrophins, and Crebnull mice display impaired axon
growth from sensory and sympathetic ganglion neurons!4, Neurotrophins (and other
stimuli) lead to the activation of CREB kinases, which phosphorylate CREB on the
transcriptional regulatory site S133, thereby recruiting the transcriptional coactivator CREB-
binding protein (CBP) and so promoting the assembly of basal transcriptional complex115,
In devel oping neurons, the DNA binding activity of CREB istightly controlled by
extracellular stimuli via nitric oxide-dependent signaling, as opposed to the classical model
in which CREB is constitutively bound to promoter sequences!6. Given that CREB
phosphorylation by GSK 3 abrogatesits DNA binding activity8, it is plausible that GSK 3 and
nitric oxide signaling work in concert to control the duration and intensity of CREB-
dependent transcription (Fig. 6). Neurotrophins and netrins al so induce transcription of
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genes that are essential for axon growth by triggering Ca?*/cal cineurin-dependent nuclear
translocation of NFAT, and mice lacking calcineurin/NFAT signaling display profound
defects in sensory axon projection and commissural axon growth!17. Because NFAT
phosphorylation by GSK 3 inhibits its DNA binding activity1® and is required for nuclear
export?, GSK3 islikely to have arole in NFAT-mediated gene transcription during axon
growth (Fig. 6). Given that there are many other transcription factors modul ated by GSK 3,
additional evidence for the transcriptional control of axon growth by GSK 3 signaling awaits
to be determined.

Concluding remarks and future directions

An agorithm that integrates consensus sequence motifs with contextual information has
predicted GSK 3 to be one of the kinases with a high number of substrates’”. Although
further studies are required to validate the physiological relevance of this prediction, the
large number of putative substrates suggests that GSK 3 could affect a broad range of
cellular activities (Fig. 7). Indeed, recent studies implicate GSK3 in many fundamental
processes during neural development, and a number of neurological disorders are associated
with deficitsin GSK 3 signaling. It is thus important to understand GSK 3 signaling, which
requires, first, are-evaluation of the involvement of GSK3 based on more reliable methods
to detect GSK activation/inactivation, and second, the identification of additional /n vivo
GSK3 substrates.

The emerging pictureis that GSK 3 activity is controlled mainly by protein protein—
interactions. Considering its many substrates, regulation by a complex and dynamic
interaction network serves as an attractive model because it allows both pathway-specific
control of GSK 3 activity via signal-dependent formation of protein complexes and precise
regulation of GSK activity towards particular substrates. It remains to be determined
whether multiprotein complexes, as exemplified in the Wnt signaling, are a widespread
mechanism for controlling the specificity of GSK 3 actions. A distinguishable characteristic
of GSK3 isthe requirement of a priming event, which involves activation of another kinase.
Thus, in combination with the signaling that directly regulates GSK 3 activity, signaling that
regulates the phosphorylation status of its substrates allows GSK signaling to achieve further
specificity.

With respect to GSK 3 regulation, studies so far have focused on the inhibitory mechanism.
However, it is becoming increasingly apparent that activation of GSK3 comprises an
important aspect of the regulatory scheme, suggesting that a delicate balance between
activation and inactivation is required to shape GSK 3 signaling. The data so far support the
view that GSK3 activity is subjected to multiple layers of sophisticated regulation to ensure
that GSK 3 encounters its substrates in the right place at the right time. It will be of great
interest to investigate how the complexity of GSK3 signaling is orchestrated /n vivoto exert
exquisite control over a plethora of cellular processes during neural development.
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Glossary terms

Mitotic spindle
reor ganization

L eading process

Microtubule minus
end-anchoring
proteins

Microtubule plus
end-binding
proteins

L eading edge
Asymmetrical
division
Centrosome
Centriole

Ventricular zone

Microtubule minus
end

Microtubule plus
end
Kinetochore

Cell cortex

Myristoylation

reorganization of microtubules and associated molecules during
cell division to form a bipolar spindle between duplicated
centrosome components, which leads to the segregation of
chromosomes

aprocess that extends in the direction of neuronal migration prior
to nuclear movement

afamily of proteins that specifically bind to the microtubule
minus-ends and function to anchor the microtubule to specific
cellular structures, such asthe centriole

afamily of microtubule-binding proteins that specifically track
the growing ends (plus ends) of microtubules and function to
stabilize microtubules or to mediate the interactions between
microtubules and other cellular structures

the region of amigrating cell that protrudes forward

division of cellsthat leads to the production of two daughter cells
with different developmental potentials

an organelle that controls the organization of microtubules and
regulates cell-cycle progression

one of two perpendicular structuresin the centrosome that are
composed of aring of nine microtubules

aregion in the brain next to the ventricles composed of
neuroepithelial cellsthat generate neuronal and glial cells

the slow-growing end of purified microtubule polymers /in vitro.
In animal cells, minus ends are generally anchored at centrosomes
and not growing

the more quickly polymerizing end of microtubule polymers

a specialized condensed region on the centromere to which the
spindle fibers attach during cell division

a cytoplasmic region beneath the plasma membrane that functions
as amechanical support of the plasma membrane

an irreversible protein modification that covalently attaches a
myristoyl group via an amide bond to the alpha-amino group of
an N-terminal amino acid of a nascent polypeptide
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Box 1
Current methods used to detect GSK3 activity

The most widely used method to establish GSK 3 activity isto examine S9/S21
phosphorylation. However, results from GSK 3a.-S21A/GSK 3B-S9A double knock-in
mice?? raise the question of whether this serine phosphorylation of GSK3 is the major
regulatory mechanism in the CNS. More importantly, it is becoming increasingly
apparent that changes in GSK 3 activity are not always accompanied by changesin their
phosphorylation status. Thus, serine phosphorylation of GSK3 might not be used as the
sole indicator of GSK3 activity.

The second approach is the /n vitro kinase assay. Endogenous GSK 3 can be
immunopreci pitated from cell lysatesto detect its activity towards its substrates.
However, because the interaction of GSK3 with their regulators in cells might be
transient and only a small percentage of total GSK3 in cells interacts with a particular
regulator!18, it is possible that the changesin GSK 3 activity are not preserved in the /n
vitrokinase assay or are less likely to be detected.

The third approach is to examine the tyrosine phosphorylation in GSK3 (Y279 in GSK3a
and Y 216 in GSK3p), which facilitates its activity by promoting substrate
accessibility119, Although there is evidence for signal-dependent regulation of tyrosine
phosphorylation?? 120, 121 tyrosine phosphorylation of GSK 3 is thought to occur through
a post-translational and intramolecular autophosphorylation event19: 121 which in many
cases is not dynamically regulated upon external stimuli.

The last approach is to examine changes in the phosphorylation status of known GSK 3
substrates. Because GSK 3 might not have equal accessto all potentia substrates /n vivo
owing to subcellular localization, this method allows us to detect more physiologically
relevant changes in GSK3 activity. However, when this method is applied to assess
GSK 3 activation/inactivation in a pathway that does not have known GSK 3 substrates,
one should consider multiple potential substrates that can represent a diverse family of
proteins, for instance, representing primed versus unprimed substrates with different
subcellular localizations.
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At-a-glance summary

Recent studies provide strong evidence that GSK 3 signaling have important
roles in many neurodevelopmental processes, such as neurogenesis, neuronal
polarization, and axon outgrowth, etc.

Results from GSK3a-S21A/GSK3B-S9A double knock-in mice suggest that
phosphorylation of GSK3s at their N-terminal serine residues is not the major
regulatory mechanism to control GSK3 activity in the nervous system. Other
players such as DISC1, Par3, and LRP6, may play more important rolesin
regulation of GSK3 activity.

During neurogenesis, evidence suggests that GSK 3 inactivation promotes neural
progenitor proliferation, whereas GSK 3 activation promotes neuronal
differentiation. The role of GSK3 in neurogenesis might be achieved through
regulation of protein stability and microtubule assembly.

Several lines of evidence suggest that GSK 3 signaling controls neuronal
polarization by regulating microtubule stability through several microtubule-
binding proteins. GSK3 signaling appears to be the converging point of many
pathways that regulate neuronal polarity, such as PI3BK-AKT, Par3/Par6/aPKC,
LKB1-SAD, and TSC-mTor pathways.

GSK3 plays pleiotropic rolesin controlling axon outgrowth depending on the
substrates involved. Local inactivation of GSK3 towards primed substrates at
distal axon is necessary for efficient axon outgrowth, whereas strong
suppression of GSK 3 activity prevents axon outgrowth, probably through
regulation of unprimed substrates. GSK 3 signaling can also regulate axon
outgrowth by controlling transcriptional factorsin the cell soma.

The important roles GSK3 signaling in neural development is consistent with its
involvement in many neurodevelopmental disorders, such as schizophreniaand
autism. Further studies may open possibilities of novel therapeutic treatments by
targeting GSK 3 signaling.
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Figure 1. Proposed models of glycogen synthase kinase (GSK) 3 inactivation

Upon activation of the phosphatidylinositol 3-kinase (PI3K) pathway downstream of
receptor tyrosine kinase (RTK) signaling, AKT is thought to be the major kinase that
inactivates GSK 3 via phosphorylation of the N-terminal serine residue (S21 in GSK3a and
S9in GSK3B) (1). Phosphorylation of GSK3B (but not GSK3a) at S389 by p38 mitogen-
activated protein kinase (MAPK) might be an alternative mechanism for inactivation30 (2).
GSK3 regulation in the Wnt pathway is distinct from the way by which RTK signaling
inhibits GSK 3. In the canonical Wnt pathway, Wnt signaling recruits the destruction
complex to the membrane, leading to the phosphorylation of the cytoplasmic tail of low-
density lipoprotein receptor-related protein (LRP) 5/6 by casein kinase (CK) and GSK3p.
Phosphorylated PPPSPXS motifs in the LRP5/6 intracellular domain directly inhibit GSK3's
activity towards p-catenin (3) 32 33, In neuronal progenitor cells, arecent study showed that
Disrupted in schizophrenia (DISC) 1 directly interacts with GSK3 and preventsit from
phosphorylating B-catenin (4)22. Both in the Wnt37 and the RTK signaling® pathways,
GSK3 activity isaso regulated by polarity proteins (5). GSK 3 interacts with the Par
complex — composed of Par3, Par6, and atypical protein kinase C (aPKC) — and so
becomes phosphorylated and inactivated. Although phosphorylation of GSK3 occursas a
consequence, GSK 3 phosphorylation is not required for its inactivation3’. p-cat, B-catenin;
Dvl, dishevelled; Fz, Frizzled; PTEN, phosphatase and tensin homologue deleted on
chromosome 10; RAP1b, Ras-related protein 1b.
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Figure 2. Neural development of the mammalian neocortex

The formation of neural circuits during devel opment involves the coordination of multiple
cellular events, which can be divided into three steps. The first step is neurogenesis, during
which a cohort of neural progenitors undergoes cycles of proliferation and differentiation to
generate neuronsin a highly regulated manner. The second step is neuronal morphogenesis,
during which differentiated neurons migrate towards their final destination. While
migrating, these neurons polarize to form axons and dendrites, which then grow and reach
their specific target fields under the control of amyriad of guidance cues. The third step is
synaptogenesis, during which axons cease growing and form synapses with their innervating
targets.

Radial glial cells (RGS) are progenitors that generate the majority of neuronsin the
developing neocortex, either directly or indirectly, by undergoing two phases of coordinated
cell division. In the first, proliferative phase, which occurs early in development, they
mainly divide symmetrically in the ventricular zone (VZ) to generate two similar progenitor
cells, which can further self-renew to expand the progenitor pool. In the second, neurogenic
phase, most of the radial glial cells divide asymmetrically to generate one self-renewing
progenitor and one post-mitotic neuron or one intermediate progenitor cells (IPCs). The
IPCs do not self-renew but migrate to the subventricular zone (SVZ) and divide
symmetrically to form neurons. At the end of neurogenesis, some radial glial cells undergo a
terminal symmetrical division to generate two neurons. The transition of progenitors from
symmetrical to asymmetrical division and the asymmetrical division per searetightly
regulated to produce the final total number of neurons. Perturbation in any of these
processes will cause defects in neurogenesis and cortical development. MZ, marginal zone;
CP, cortical plate.
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Figure 3. Proposed model for therole of GSK 3 signaling during neur ogenesis

During asymmetrical division of radial glial cells, the daughter cells may have different
GSK 3 activities via asymmetrical inheritance of upstream regulators (e. g. Par336, Disrupted
in schizophrenia (DISC1)22, or Rho*) under the control of extracellular factors (e. g. Wnt,
fibroblast growth factor (FGF), lysophosphatidic acid (LPA39)0, retinoic acid (RA%2)%2).
The daughter cell with lower GSK 3 activity accumulates pro-proliferation factors3?, such as
B-catenin, Gli, and c-Myc. Microtubul e-associated proteins adenomatosis polyposis coli
(APC) and Ninein organize the astral microtubules to attach the cell to the ventricular zone
(VZ) surface, and the cell adopts a progenitor fate. Conversely, the daughter cell with higher
GSK3 activity removes pro-proliferative proteins and other proteins involved in microtubule
assembly such as Ninein, presumably via the ubiquitin-proteasome system (UPS) mediated
protein degradation. In addition, APC is unable to bind to the microtubules, disrupting the
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function of astral microtubules. As aresult, the cell detaches from the VZ surface and
become a neuron or an intermediate progenitor cell (1PC).
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Figure4. GSK3in theregulation of neuronal polarization

Local activation of phosphatidylinositol 3-kinase (PI3K) at the tip of the nascent axonis
thought to function as alandmark for the induction of neuronal polarization. PI3K-mediated
production of phosphatidylinositol-3,4,5-trisphosphate (Pl P3) leads to the activation of AKT
and Ras-related protein 1b (RAP1b). RAP1b activates Cdc42, which recruits and activates
the Par3/Par6/atypical protein kinase C (aPKC) complex, leading to the inactivation of
GSK336. 37 Microtubule affinity-regulating kinase (MARK) 2 has also been suggested to
function downstream of the Par complex to control neuronal polarization®. aPK C in the Par
complex associates with Dvl and mediates the Wnt5a-induced differentiation of axons®. On
the other hand, activation of AKT induces inhibitory phosphorylation of tuberous sclerosis
complex (TSC) 2, by which its GTPase activating protein (GAP) activity towards Rheb is
reduced, subsequently leading to the activation of mammalian target of rapamycin (MTOR)
signaling. Although phosphorylation of TSC2 by AKT inhibits TSC1/2 activity,
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phosphorylation of TSC2 by GSK 3 has an opposite effect107. Thus, inhibition of GSK3 by
PI3K or Wnt signaling would reduce GSK 3-dependent stimulatory phosphorylation of TSC2
and thereby increase Rheb-GTP level, which in turn leads to the activation of mTOR-
mediated tranglation. Activation of mTOR signaling in the axon induces local trandlation of
collapsin response mediator protein (CRMP) 2 and Tau, substrates of GSK 3196, Activation
of LKB1 by protein kinase A (PKA) or ribosomal S6 kinase (RSK) leads to the activation of
SAD kinases, which in turn phosphorylate MAPs such as Tau®” 72, The MAPs that are
phosphorylated in response to LKB1-SAD kinase signaling to control neuronal polarization
remain to be determined. A study in Xengpusshowsthat LKBL/XEEK1 physicaly
associates with GSK 3 and regulates its activity9°. Together with GSK3, MARK 2 and SAD
control microtubule assembly and dynamics by regulating the phosphorylation status of
several MAPs. APC, adenomatosis polyposis coli; Dvl, dishevelled; 4EBP, eukaryotic
trandlation initiation factor 4E-binding protein; ERK, extracellular signal regulated kinase;
Fz, frizzled; GPCR, G protein-coupled receptor; MAP1b, microtubule-associated protein 1b;
MEK, mitogen-activated protein kinase kinase; PTEN, phosphatase and tensin homologue
deleted on chromosome 10; RTK, receptor tyrosine kinase; S6K, protein S6 kinase
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Figure 5. Differential regulation of GSK 3 substrates during axon growth

During rapid axon extension, GSK 3 activity in the growth cone seems to be precisely
controlled, so that its activity towards primed substrates is specifically blocked whileits
activity towards unprimed substrates is preservedL. Inhibition of GSK 3 activity towards
collapsin response mediator protein (CRMP) 2 and adenomatosis polyposis coli (APC)
allows CRMP2 and APC to bind microtubules, thereby increasing microtubule
polymerization and stability’® 8. By contrast, GSK3's activity towards microtubul e-
associated protein (MAP) 1bis preserved in the growth cone. Phosphorylation of MAP1b
maintains microtubules in a dynamic state, which is essential for axon growth> 112 |n this
way, GSK3 can coordinate essential properties of axonal microtubules to ensure optimal
microtubule assembly in axons.

Nat Rev Neurosci. Author manuscript; available in PMC 2012 December 31.



a1 ewRrMS DRI ewRreMS

el ewRremg

Hur and Zhou Page 29

#{!% Ca?* channel Netrin Neurotrophin
-_—

Fz Ryk/LRP RTK
P ([V/AT I VAN
=

Dvl

Nitric oxide
signaling

Proteasomal @
degradation
( Activating phosphorylation

(3 Inhibitory phosphorylation @
-3 Activation @
= |nhibition 7 -

s

Figure 6. Potential roles of GSK3in thetranscriptional regulation of axon growth

In the absence of Wnt, the transcriptional co-activator p-catenin (B-cat) is phosphorylated by
GSK3 in the destruction complex, which tags -cat for proteasomal degradation. Wnt
promotes the association of Frizzled (Fz) receptor and the co-receptor low-density
lipoprotein receptor-related protein (LRP) or Ryk113, |eading to recruitment of the
cytoplasmic dishevelled (Dvl) and the destruction complex to the membrane. Inhibition of
GSK3 activity results in the accumulation of hypophosphorylated B-cat, which then can
enter the nucleus and promote T-cell factor (TCF, also known as lymphoid enhancer-binding
factor)-mediated gene transcription. Another family of transcription factorsinvolved in axon
growth is nuclear factor of activated T-cells (NFAT) proteins. Neurotrophins and netrins
require calcineurin (Cn)/NFAT signaling for axon growth!l7. A risein intracellular Ca2*
induced by neurotrophins, netrins, or calcium channels activates the serine/threonine
phosphatase Cn, which dephosphorylates NFATc proteins. Dephosphorylation of NFATc
triggers their nuclear transl ocation, where they form complexes with NFATn to induce gene
transcription. NFATc proteins are rapidly excluded from the nucleus through sequential
phosphorylation, first by a priming kinase such as protein kinase A (PKA) and dual-
specificity tyrosine-phosphorylation regulated kinase (DY RK) 1A, then by GSK3°. Because
NFAT phosphorylation by GSK3 inhibits its DNA binding activityl0 and is required for its
nuclear export®, GSK3 could play arolein NFAT-mediated gene transcription downstream
of neurotrophin and/or netrin signaling. CAMP response element binding protein (CREB) is
awell-established transcription factor that mediates neurotrophin-induced axon growth!14,
Neurotrophins and other stimuli lead to the phosphorylation of CREB at S133, which allows
CREB binding to the transcriptional co-activator CREB-binding protein (CBP). In
developing neurons, DNA hinding activity of CREB istightly controlled via nitric oxide
signaling, as opposed to the classical model in which CREB is constitutively bound to
promoter sequences16. Similar to NFATc, GSK phosphorylation of CREB prevents it from
binding to DNA8. Because GSK3 is found in the cytoplasm and the nucleus, CREB
phosphorylation can occur in both places. However, it should be noted that GSK regulation
of NFAT and CREB has not been directly tested in the context of axon growth. APC,
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adenomatous polyposis coli; CK, casein kinase; 1P3, inositol-1,4,5-trisphosphate; I1P3R, 1P3
receptor.
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Figure 7. Representative substrates of GSK 3 implicated in neural development

GSK3 regulation of neural development can be achieved through phosphorylation of
proteins that control key steps in neurodevel opment. GSK3 phosphorylates several
transcription factors, such as p-catentin'?2, Smad112, ¢-Jun123, c-Myc*8, cAMP response
element binding protein (CREB)8, nuclear factor of activated T-cells (NFATc)?, and
neurogenin 211, many of which undergo proteasomal degradation after GSK3
phosphorylation. GSK3 phosphorylation mediates proteasomal targeting and degradation of
other proteins aswell, such as cyclin D124 and cyclin E125, The most well-characterized
substrates of GSK3 involved in neural development are microtubul e-associated proteins that
control neuronal polarization and axon growth. These substrates include adenomatosis
polyposis coli (APC)88, CLIP-associated protein (CLASP) 1 and 2126, collapsin response
mediator protein (CRMP) 276, MAP (microtubul e-associated protein) 1b127 and Tau.
Although CLASP is enriched in the growth cone and mediate Slit-induced axon repulsion
during neural development in Drosgphila-28, its localization and role during neuronal
polarization and/or axon growth in the mammalian nervous system remains to be
determined. Signaling molecules such as phosphatase and tensin homologue del eted on
chromosome 10 (PTEN)122 and Wnt co-receptor low-density lipoprotein receptor-related
protein (LRP) 6 are also phosphorylated by GSK 3. Other examples are kinesin light chain
(KLC) that regulates selective transport30, and essential components of the trangational
machinery, such as eukaryotic initiation factor (el F) 20131 and tuberous sclerosis complex
(TSC2)107,
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