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Abstract

p21-activated kinases (PAKS) are a family of cell division control protein 42/ras-related C3
botulinum toxin substrate 1 (Cdc42/Racl)-activated serine/threonine kinases. Group | PAKs
(PAK1-3) have distinct activation mechanisms from group Il PAKs (PAK4-6) and are the focus
of this review. In transformed cancer cells, PAKSs regulate a variety of cellular processes and
molecular pathways which are also important for myelin formation and repair in the central
nervous system (CNS). De novo mutations in group | PAKs are frequently seen in children
with neurodevelopmental defects and white matter anomalies. Group | PAKSs regulate virtually
every aspect of neuronal development and function. Yet their functions in CNS myelination and
remyelination remain incompletely defined. Herein, we highlight the current understanding of
PAKs in regulating cellular and molecular pathways and discuss the status of PAK-regulated
pathways in oligodendrocyte development. We point out outstanding questions and future
directions in the research field of group | PAKSs and oligodendrocyte development.
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l. INTRODUCTION

In the developing central nervous system (CNS), myelin-forming oligodendrocytes (OLs)
are differentiated from oligodendrocyte progenitor cells (OPCs). The differentiation of
OPCs into myelinating OLs is characterized by both morphological changes and expression
of myelin-associated genes. Compared with OPCs, myelinating OLs undergo as much

as a 6,500-fold increase in membrane area (Baron & Hoekstra, 2010) and an 80,000-

fold increase in myelin basic protein expression (Zhang et al., 2018). Myelination is
characterized by ensheathing and wrapping axons with distal oligodendroglial processes,
which also undergo extensive morphological changes. Oligodendrocytes and myelination
maintain axonal integrity by providing physical, trophic, and metabolic support and are
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essential for proper neurological functions. Defects of OPC differentiation and myelination
result in axonal dysfunction and neurological deficits in neurological disorders such as
periventricular leukomalacia, multiple sclerosis, and leukodystrophy (Bercury & Macklin,
2015). Hence, understanding the mechanisms underlying OL development and myelination
provides new insights into devising therapeutic strategies to promote myelin regeneration in
CNS dysmyelinating and demyelinating disorders.

In the past three decades, group | p21-activated kinases (PAKSs) have been shown to

control neuronal precursor proliferation, migration, neuronal polarity and morphological
complexity, dendritic and axonal formation, and neuronal plasticity and function (reviewed
by Nikolic, 2008). However, there are limited data available on the role of PAKs in CNS
myelin formation and repair. Previous data have shown that cell division control protein

42 (Cdc42) and ras-related C3 botulinum toxin substrate 1 (Racl), the major activators

of PAKSs, modulate OPC differentiation and myelination both /n vitro (Liang, Draghi &
Resh, 2004) and /n vivo (Thurnherr et al., 2006). In addition to Rho family GTPases, PAKS
are also activated by bioactive lipids (Bokoch et al.,, 1998), which play important roles in
oligodendroglial differentiation and regeneration (Podbielska, Krotkiewski & Hogan, 2012;
Jana & Pahan, 2010). These data collectively suggest that group | PAKs may play crucial
roles in regulating different aspects of oligodendroglial development and CNS myelination.

II. CURRENT UNDERSTANDING OF GROUP | PAKS

(1) Structure and functional domain

PAK1 is the most studied member among PAKSs and plays a crucial role in neuronal
development (Wang et al., 2018; Asrar et al., 2009; Meng et al., 2005; Huang et af.,

2011; Pan et al., 2015; Xia, Zhou & Jia, 2018) and tumorigenesis (Radu et al., 2014).
Human PAKZ1, a 545 amino acid (aa) peptide, harbours an N-terminal regulatory region

(aa 1-249) that modulates its kinase activity and interaction with other proteins and a
C-terminal catalytic region which binds to ATP and catalyses the phosphorylation of its
substrates at serine (Ser, or S) and threonine (Thr or T) residues (Fig. 1A). The N-terminal
regulatory region consists of the Cdc42 and Racl interactive binding [CRIB; also known as
the p21-binding domain (PBD)] domain, the autoinhibition domain (AID) which partially
overlaps with CRIB, five proline-rich PxxP motifs which specifically bind to Src homology
3 (SH3) domain-containing adaptor proteins such as non-catalytic region of tyrosine kinase
(Nck) (Lu & Mayer, 1999; Lu et al.,, 1997) and growth factor receptor-bound protein 2
(Grb2) (Puto et al., 2003) (Fig. 1A), and the binding domain for p21-interacting Rac-guanine
exchange factor (PIX) (Manser et al., 1998; Mott ef al., 2005). The C-terminal catalytic
region contains the kinase domain and the binding domain for G-protein beta gamma
(GBy) subunits which are mediators of the membrane-tethered G protein-coupled receptors
(Menard & Mattingly, 2004) (Fig. 1A).

(2) Canonical activation mechanisms

Autophosphorylation at several Ser and Thr residues regulates the kinase activation
and subcellular localization of PAK1. Previous /n vitro study demonstrated
that autophosphorylation at Ser144 and Thr423 promotes kinase activation while
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autophosphorylation at Ser21, Ser57, and Ser199/204 controls the association of PAK1 with
focal complexes (Chong et al., 2001) and facilitates kinase activity (Zhao, Manser & Lim,
2000). It is well established that group | PAKs are activated via a different mechanism from
that of group 1l PAKSs. Group | PAKSs are maintained as inactive heterodimers in which

the AID of one PAK molecule contacts and inhibits the kinase domain of the other PAK
molecule and vice versa (Lei et al.,, 2000) (Fig. 1B). In the canonical activation mechanism,
binding of one GTP-loaded Cdc42 or Racl induces conformational changes of the
heterodimers, relieves the trans-inhibition, and leads to subsequent autophosphorylation of
the kinase domain at Thr423 and of a serine residue in the regulatory region such as Ser144,
Ser57, Ser21, eventually activating two PAK1 monomers (Parrini et al., 2002) (Fig. 1B).

It seems that the conformational change is necessary but not sufficient to activate PAK1.
Casein kinase 2 (CK2)-dependent PAK1 phosphorylation at Ser223 is required and sufficient
to convert monomeric PAK1 into catalytically active PAK1 because a phosphomimetic
mutation at PAK1 Ser223 bypasses the requirement for GTPases in PAK1 activation (Shin,
Kim & Kim, 2013). Kinase-active PAK1 regulates diverse cellular processes, such as actin
and microtubule cytoskeleton reorganization, cell proliferation, migration, motility, and

cell survival through phosphorylating and modulating its target substrates and signalling
pathways (Hofmann, Shepelev & Chernoff, 2004). Based on the established role of Ser144
and Thr423 in the kinase activation, antibody-based immunodetection of phosphorylated
PAK1 at Ser144 and/or Thr423 provides a reliable means to evaluate PAK1 kinase activity.

In addition to autophosphorylation, other protein kinases participate in the cross-
phosphorylation of PAK1 and modulate PAK1 activity. For example, PAK1 can be
phosphorylated at Ser21 by protein kinase B (PKB, also known as Akt) (Zhou et al., 2003)
and cGMP-dependent protein kinase (PKG) (Fryer et al., 2006). Because the adaptor protein
Nck binds PAK1 near Ser21 (Fig. 1A), phosphorylation of PAK1 by PKB/Akt or PKG

at Ser21 is proposed to disassociate PAK1 from Nck at the plasma membrane (Zhou et

al., 2003; Fryer et al., 2006), potentially facilitating the cycling of PAK1 from the plasma
membrane to the cytosol and reducing PAK1 activity (Zhao et al., 2000). The conserved
Thr423 in the activation loop of the kinase domain (Fig. 1A) is also phosphorylated by
3-phosphoinositide-dependent kinase 1 (PDK1) in the presence of sphingosine and PDK1-
mediated Thr423 phosphorylation increases the kinase activity of PAK1 (King ef a/., 2000).

(3) Sequence identity and common biochemical properties

Human PAK1, PAK2, and PAK3 display >95% sequence identity in amino acid residues to
their rodent counterparts. Within the group | PAKs, the PAK1 amino acid sequence displays
77% and 76% identity to that of PAK2 and PAKS3, respectively (Fig. 1C). The sequence
homology is even greater in the conserved domains and motifs such as CRIB, AID, the
proline-rich PxxP motifs, and kinase domain. Because of the high sequence homology

and identity among PAK1, PAK2, and PAK3, phosphorylated sites in PAK1 (Fig. 1D) are
also conserved in PAK2 and PAK3. Phosphorylation of these conserved sites in PAK1,
PAK2, and PAK3 exerts the same biological functions on the downstream targets. It has
been demonstrated that Ser144 in PAK1 is conserved to Ser141 and Ser139 in PAK2 and
PAKS3, respectively, and Thr423 in PAKL1 is equivalent to Thr402 and Thr421 in PAK2 and
PAKS3, respectively, in the process of PAK activation. Similarly, the other phosphorylated
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sites in PAKZ, for example Ser21, Ser57, and Ser199/204, are also conserved in PAK2

(to Ser20, Ser55, and Ser192/197, respectively) (Fig. 1D), and in PAK3 (to Ser20, Ser50,
and Ser200/Ser205, respectively). It should be noted that antibodies recognizing PAK1
phospho-Ser144 also recognize PAK2 phospho-Ser141 and PAK3 phospho-Ser139 and
those specifically targeting PAK1 phospho-Thr423 also target PAK2 phospho-Thr402 and
PAK3 phospho-Thr421.

Previous studies have identified Thr212 as a phosphorylation site unique to PAK1 (which

is absent from PAK2 and PAK3). PAK1 Thr212 is phosphorylated by cyclinB1/cell division
control protein 2 (Cdc2) in mitotic cells (Thiel et al,, 2002; Banerjee et al., 2002) and by
p35/cyclin-dependent kinase 5 (CDKS5) in post-mitotic neurons (Rashid, Banerjee & Nikolic,
2001; Nikolic et al., 1998) (Fig. 1A). PAK1 Thr212 phosphorylation has been shown to
negatively regulate PAK1 activity in post-mitotic neurons (Rashid et a/., 2001; Nikolic et
al., 1998) and to alter protein—protein interactions and post-mitotic spreading in proliferating
fibroblasts (Thiel et al,, 2002). In the rodent brain, PAK1 phospho-Thr212 is detected only
during embryonic and very early postnatal development but is absent from the adult brain
(Zhong, Banerjee & Nikolic, 2003), suggesting that it may regulate cell proliferation and/or
early-stage neural cell differentiation. Since OPCs are the major rapidly dividing cells in

the brain, it is tempting to define the role of PAK1 as functioning in OPC proliferation and
population expansion during early postnatal brain development.

(4) Non-canonical activation mechanisms

The well-established canonical activation mechanisms of group | PAKs involve the binding
of small GTPases (such as Cdc42 and Racl). Increasingly, the available data support non-
canonical, GTPase-independent activation: some are common to group | PAKs and others
are specific to certain PAK members. Sphingosine lipids bind to a site overlapping or
identical to the PAK1 CRIB site and this binding activates PAK1 independent of GTPases
(Bokoch et al., 1998) presumably by PDK1-mediated phosphorylation of PAK1 at Thr423
(King et al.,, 2000), an autophosphorylation site crucial for Cdc42/Racl-mediated PAK1
activation. This observation suggests that group | PAKs may be activated in response to
active lipid signals which play important roles in OL biology and pathology (Coelho,

Saini & Sato-Bigbee, 2010). It is well established that members of group | PAKs form auto-
inhibitory inactive homodimers (PAK1/PAK1, PAK2/PAK2, and PAK3/PAK3). However,
PAK1 also has been reported to form heterodimers with PAK2 (PAK1/PAK2) (Grebenova
et al., 2019) or with PAK3 (PAK1/PAK3) (Combeau et al., 2012), which provides potential
mechanisms for trans-inhibition between PAK1 and PAK2 or PAK3. The auto- and trans-
inhibition among group | PAKSs suggest that the loss of catalytic activity of PAK1 may

be compensated by that of PAK2 and/or PAK3 or vice versa (Huang et al., 2011). It has
been reported that calcium and integrin binding protein 1 (CIB1) specifically interacts with
PAK1 (but not PAK2 or PAK3) via PAK1 N-terminal regions of aa 50-60 and aa 130-137
(Leisner et al., 2005). This interaction is sufficient to activate PAK1 activity independent of
Cdc42/Racl (Leisner et al., 2005), suggesting an alternative activation mechanism unique to
PAK1.
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PAK2 is additionally activated by caspase 3-mediated cleavage in response to stress
stimulants (Rudel & Bokoch, 1997; Jakobi et al., 2003); cleavage at Asp212 of PAK2
releases the N-terminal autoregulatory domains (aa 1-212) from the C-terminal kinase
domain (aa 213-524), thus creating a constitutively active C-terminal-containing PAK2
which may play a crucial role in cell apoptosis (Huang ef al., 2020; Bokoch, 1998). It is
yet to be determined whether the mechanism of caspase 3-mediated PAK?2 activation exists
in oligodendroglial-lineage cells and, if so, whether it plays a role in oligodendroglial cell
death under stressful demyelinating conditions.

PAKS3 splicing variants may exhibit a different activation mechanism (Kreis et al., 2008).
Mammalian PAK3 genes encode four messenger RNA (mRNA) splice variants and the
corresponding proteins, which are all detected in the rodent brain and particularly in
neurons: PAK3a (without alternative splicing, 544 aa in length; Fig. 1C), PAK3b (with a
spliced-in 45-bp exon b, 559 aa) (Rousseau et a/., 2003), PAK3c (with a spliced-in 63-bp
exon ¢, 565aa), and PAK3ch (with both exons b and c spliced in, 580aa) (Kreis et af., 2008).
It has been shown that PAK3b, PAK3c, and PAK3ch isoforms are constitutively active in
terms of their basal kinase function because the inserts of b and/or c are present in the
N-terminal autoregulatory domain of PAK3, potentially compromising the auto-inhibitory
ability of PAK3 homodimers (Kreis et al., 2008). Interestingly, PAK1 forms heterodimers
with all four PAK3 isoforms, but only PAK3a activity was trans-inhibited by PAK1
(Combeau et al., 2012).

lll. PAK EXPRESSION IN THE BRAIN AND OLIGODENDROCYTES

PAK1, PAK2, and PAKS display different tissue specificities in humans and rodents.
Human PAK1 and PAKS3 proteins are relatively enriched in the brain whereas PAK2 shows
a lower level in the brain and is ubiquitously expressed in different tissues (Fig. 2A).

In rodents, PAK1 is highly expressed in the brain, lung, intestine, kidney, and stomach
during embryonic development and progressively restricted to the brain in adults (Zhong

et al,, 2003). Similar to humans, rodent PAKS3 is specifically expressed in the brain and
PAK2 is ubiquitously expressed in different organs during both embryonic development
and in adults (Zhong et al., 2003). With technical advances in bulk and single-cell RNA
sequencing (RNA-seq), it has become possible quantitatively to compare the mRNA levels
of PAK1-3 in different neural cell types of the brain and at different maturation stages

of oligodendroglial-lineage cells. Bulk RNA-seq data (Zhang et a/., 2014) demonstrate

that in the brain PAK1 and PAK2 are expressed at higher levels than PAK3 (Fig. 2B).

The expression of PAK1, and to a lesser extent PAK2, is relatively high in oligodendroglial-
lineage cells compared with neurons or astrocytes based on the normalized fragments per
kilobase of transcript per million mapped reads (FPKM). By contrast, PAK3 is highly
enriched in neurons in the rodent brain (Fig. 2B). More recently, oligodendroglial-lineage
cells have been divided developmentally into 12 maturation stages from OPCs to fully
matured myelinating OLs based on the unique molecular signatures derived from single-cell
RNA-seq data (Marques et al., 2016). In contrast to PAK3 which shows downregulation
during OL maturation, PAK1 and PAK2 maintain high and relatively stable expression
levels in mature OLs (Fig. 2C). PAK1 mRNA expression levels appear comparable to those
of the oligodendroglia-specific transcription factor myelin regulatory factor (MYRF) (Fig.
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2C) (Emery et al., 2009). Recent data demonstrate that PAK1 protein levels appear to be
upregulated in primary mature OLs compared with primary OPCs /n vitro (Brown et al.,
2021). These expression data suggest that group | PAKs may play a role in modulating
oligodendroglial development and maturation.

IV. MUTATIONS OF GROUP | PAKS IN CHILDREN

Clinical studies have demonstrated that group | PAKSs can be mutated in children with
diverse neurodevelopmental and white matter defects (Table 1). Three independent groups
have reported heterozygous missense mutations of PAK1 in unrelated subjects and these
PAK1 mutations significantly reduce dimerization and increase the kinase activity, i.e.
kinase gain-of-function mutations (Harms et a/., 2018; Horn et al., 2019; Kernohan

et al, 2019). Children with PAK1 activation mutations display a very broad range of
abnormalities, such as delayed developmental milestones, macrocephaly (bigger brain),
seizures, and impaired intellectual and motor ability. Very interestingly, some of the affected
brains display hyperintensity in the subcortical white matter on T2-weighted magnetic
resonance imaging (T2-MRI), a clinical indication of white matter hypomyelination. These
clinical data point to the possibility that PAK1 activity dysregulation may interfere with OL
development and/or CNS myelination and brain development.

Recently, PAK2 nonsense mutation and copy-number deletion in the PAK2 gene-containing
chromosomal region have been reported in a large cohort of children displaying autistic
spectrum disorders (ASD) and other neurodevelopmental disorders (Table 1) (Wang et al.,
2018; Willatt et al., 2005). Unfortunately, no brain-imaging data are available assessing
brain white matter abnormalities in children affected by PAK2 loss-of-function mutations.
Nevertheless, previous studies employing diffusion tensor imaging (DTI) and diffusion-
weighted imaging (DWI) have documented accelerated maturation of the white matter and
hypermyelination in young ASD children compared with healthy controls (Ben Bashat et
al., 2007). These clinical data suggest that PAK2 may negatively regulate OL development
and/or CNS myelination; its deficiency may be associated with precocious white matter
maturation and hypermyelination in the autistic brain.

PAKS is regarded as a mental retardation risk gene because PAK3 mutations were originally
reported in children with X-linked non-syndromic mental retardation without any other
neurological abnormalities 25 years ago (Allen et al., 1998; des Portes et al., 1997b,a).
There is an increasing number of cases reporting PAK3 mutations in children with a diverse
panel of neurological and behavioural presentations beyond mental retardation, such as
delayed motor development and autism (Qian et a/., 2020; Bienvenu et al., 2000; Peippo

et al., 2007) (Table 1), suggesting a role of PAK3 beyond mental retardation. Brain images
show that PAK3 dysfunctional mutations are associated with thinner white matter tracts

and a malformed corpus callosum (Duarte et al., 2020; Qian et al., 2020), suggesting that
pathogenic PAK3 mutations may cause malformation of the subcortical white matter.
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V. TARGETING GROUP | PAKS FOR RESEARCH

(1) Genetic models for probing neuronal/oligodendroglial development and function

Because PAK3 was the first member among group | PAKs found to be mutated in

children with non-syndromic mental retardation, PAK3 knockout (KO) mice (Pak37")
were generated to define the role of PAK3 in neuronal development and function (Meng

et al., 2005). Surprisingly, PAK3 KO mice display only very subtle changes to brain
phenotypes during postnatal development except for impaired hippocampal late-phase
long-term potentiation (L-LTP) (Table 2). Likewise, PAK1 KO (Pak1~/~) mice show no
noticeable abnormalities in neuronal development and function except for selective deficits
in hippocampal L-LTP (Asrar et al., 2009). The subtle neuronal phenotypes of PAK1

or PAK3 KO mice suggest that PAK1 and PAK3 may be functionally redundant under
physiological conditions, which is supported by their biochemical properties: there are

few downstream enzymatic substrates unique to PAK1, PAK2, or PAK3. Evidence for
redundancy between PAK1 and PAK3 in regulating neuronal development and function is
further provided by PAK1/PAK3 double-KO mice (Huang et al., 2011) which develop severe
and progressive defects during postnatal brain development including neuronal, dendritic,
axonal, and spine deficits and behavioural abnormalities (Table 2).

In contrast to PAK3, PAK?2 is ubiquitously expressed in the CNS and other organs (Fig. 2).
PAK2-KO (Pak2™") mouse mutants die from severe vasculature defects by embryonic day
8.5 (Kelly & Chernoff, 2012) when neurogenesis and gliogenesis are not yet taking place in
the rodent brain. The early embryonic lethality of PAK2-KO mutants clearly demonstrates
that the role of PAK2 in vascular development cannot be compensated by PAK1 or PAKS.
Recently, Wang et al. (2018) reported that PAK2 haploinsufficiency in heterozygous PAK2-
KO (Pak2*~) mice resulted in reduction of spine density, asymmetric synapse number,
hippocampal LTP, and autism-related behaviours. Pak2"'~ mice are viable and fertile

and display no quantitative abnormalities in brain morphology, cortical lamination, basal
synaptic transmission, nor impairment in locomotor, anxiety and spatial memory (Wang et
al., 2018). Mechanistically, PAK2 haploinsufficiency reduces the activity of Lin-11, Islet-1,
and Mec-3 domain kinase 1 (LIMK1), an established downstream substrate of group |
PAKSs, which ultimately leads to decreased actin filament assembly and reduced spine and
synapse formation (Wang et a/., 2018). Given that LIMK1 is also a substrate of PAK1

and PAKS3, the downregulation of LIMK1 activity selectively in Pak2*/~ mice (Wang et
al., 2018) but not in PakI™'~ (Asrar et al., 2009) or Pak3~/~ (Meng et al,, 2005) mice

(Table 2) suggests that PAK2 plays a dominant role in regulating LIMKZ1 activity among
group | PAKSs. Nevertheless, it remains to be determined whether the observed phenotypes
(Wang et al., 2018) result from a functional effect of PAK2 haploinsufficiency on neurons
or from a secondary non-cell-autonomous effect on other neural and vascular cell defects.
Neuron-specific knockdown or ablation of PAK2 will help resolve this question.

Oligodendroglial phenotypes in PAK-KO mice have not been determined until a recent
study (Maglorius Renkilaraj ef al., 2017) reported that PAK3-KO mice displayed subtle and
transient delay of myelination selectively in the corpus callosum but not in the anterior
commissure at the ultra-structural level. /n vitro OPC culture derived from PAK3-KO
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and control mice suggests that PAK3 may play a cell-autonomous role in promoting

OPC differentiation (Maglorius Renkilaraj et al., 2017). Interestingly, the subcortical white
matter tracts are significantly thinner in PAK1/PAK3 double-KO mice, but the intensity

of myelin staining (indicated by myelin basic protein, MBP) is comparable to that in
littermate controls (Huang et al., 2011). This observation suggests that the overall reduction
in myelin reactive signal in that study (Huang ef a/., 2011) may be secondary to white
matter tract atrophy resulting from defective axonal outgrowth in the white matter of
PAK1/PAK3 double-KO mice (Huang et al., 2011). However, it remains to be defined
whether oligodendroglial development is affected in PAK1/PAK3 double-KO mice. Given
the expression of group | PAKSs in most neural and vascular cells, although at varying
levels, in the brain and their potential functional redundancy, it is very important to employ
cell-specific PAK1 and/or PAK2 or PAK3 conditional KO to determine the role of group |
PAKSs in oligodendroglial development and CNS myelination.

(2) Pharmacologically targeting group | PAK in cells and animals

PAK hyperactivity is frequently observed in human cancers, playing an essential role in
tumour genesis and metastasis (Ye & Field, 2012). Previous research has pointed to group |
PAKSs as a potential therapeutic target in cancer treatment due to its role in many oncogenic
signalling pathways (Yao et al., 2020). To this end, many small compounds have been
identified that inhibit different members of group | PAKs. These inhibitors are classified
into two major categories based on their mode of action: ATP-competitive inhibitors and
non-ATP-competitive allosteric inhibitors (Table 3).

ATP-competitive inhibitors target the ATP binding site of the PAK kinase domain which

is conserved among PAKSs and non-PAK kinases. FRAX486, an ATP-competitive inhibitor
targeting group | PAKSs and PAK4, has been shown to cross the blood-brain barrier to
reach the neural parenchyma in live animals. Although its off-target effects are yet to be
determined, it has been reported that FRAX486 inhibits brain PAK activity and rescues
fragile-X syndrome-like phenotypes in fragile X mental retardation 1 (Fmrl)-KO mice
(Dolan et al., 2013) including dendritic spine abnormalities and hyperactive behaviours
(Hayashi et al., 2007). G5555, very potent for group | PAKSs, is the most specific ATP-
competitive inhibitor identified thus far for group | PAKSs because /in vitro off-target
screening against 235 kinases found that only six kinases (2.5% off-target substrates) were
significantly inhibited (by 70%) at a concentration of 10 uM (Rudolph et a/.,, 2016; Ndubaku
et al, 2015).

By contrast, non-ATP-competitive allosteric inhibitors bind to PAKs outside the kinase
domain which is less conserved among PAKs and non-PAK kinases and affect the activation
mechanism without inhibiting pre-activation PAKs. IPA3, an allosteric inhibitor for group

| PAKSs, binds covalently to the regulatory domain and prevents PAK binding to the

GTPase Cdc42/Racl (Deacon et al., 2008). /n vitro off-target assay against 214 kinases
identified only nine kinases (4% off-target substrates) as significantly inhibited (by 50%) at
a concentration of 10 UM. Another representative potent allosteric inhibitor novartis (NVS)
is more potent for PAK1 than PAK2 (Karpov et al., 2015). /n vitro cell culture assay
demonstrates that NVS selectively inhibits PAK1 at a concentration of ~0.25-1 pM and
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additionally inhibits PAK2 at a higher concentration of >2 uM. Kinome screening assay
against 442 kinases found 22 off-target kinases to be significantly inhibited by NVS with an
inhibitor concentration needed to reach 50% inhibition (1Csp) >10 pM including muscarinic
receptor M1 (Karpov et al., 2015) which is a potent negative regulator of OL differentiation
and (re)myelination (Cree et al., 2018; De Angelis et al., 2012; Mei et al., 2016). In
conclusion, no pharmacological PAK inhibitors, whether ATP competitive or allosteric, have
been shown to target solely to the kinase activity of group | PAKSs or to a specific member
of group | PAKSs. Thus, caution should be used in basic research into their mechanisms of
action. The inevitable off-target effects (see Table 3) and potential cellular toxicity at higher
inhibitor doses must not be neglected during data interpretation. A recent study employed
three different PAK inhibitors (FRAX486, G5555, and NVS) (Table 3) to document that
PAK inhibition decreased OL differentiation in zebrafish (Danio rerio) and in primary rodent
OPC cultures (Brown et al., 2021). However, the off-target effects of these pharmacological
inhibitors cannot be excluded in these systems.

To address the intrinsic caveats of pharmacological inhibitors, cyclic recombinase/locus of
X-over P1 (Cre/loxP)-mediated expression of peptide inhibitors in PID (LoxP-STOP-loxP-
PAK inhibitory domain transgene) mice has been recently developed (Chow et a/., 2018) in
an approach leveraging the unique activation mechanism of group | PAKs. PAK1 inhibitory
domain (PID) peptide (aa 83-149) has been shown to bind to and inhibit the kinase domain
of group | PAKs (Semenova & Chernoff, 2017; Zhao et a/., 1998). The PAK1-derived

PID peptide is known to bind only two categories of proteins: group | PAKs and the fragile-
X syndrome proteins FMR1/fragile-X-related 1 (FXR1) (Say et al., 2010). Notably, the

PID transgene encodes a PAK1-derived PID bearing a synthetic E129K mutation (residue
129 of the PAK1 AID, glutamic acid, is required for FMR1/FXR1 binding), thus this
mutation prevents FMR1/FXR1 binding (Chow et al., 2018; Say et al., 2010). Cre-mediated
expression of the mutant PID thus represents the most specific known PAK inhibitor with no
recognized off-target effects yet reported among protein kinases. It would be very interesting
to use these PAK peptide inhibitor transgenic mice to study the effects of cell-specific PAK
inhibition on the development of oligodendroglial-lineage cells and other neural-lineage
cells during development and following injury.

V. GROUP | PAKS AND OLIGODENDROCYTE DEVELOPMENT

(1) Insights from cytoskeleton regulation

PAKSs have been studied extensively in cancer cells, whereas data regarding the role of
PAKs in oligodendroglial development are very limited. Below, we review PAK-regulated
tumorigenic processes and signalling pathways that are also crucial for OL development
and propose hypothetical roles and future research directions for understanding how PAKs
function in OPC proliferation, differentiation, and CNS (re)myelination.

Compared with neuron-enriched PAK3, PAK1 and PAK2 are expressed at a relatively high
level in oligodendroglial lineage cells. The role of PAK1 and PAK2 in OL development and
brain myelination remains incompletely understood. Two clinical observations suggest that
PAK1 and PAK2 may regulate OL development: (1) PAK1 activation mutations in children
are associated with a variable degree of white matter hyperintensity in brain T2-MRI (Harms
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et al., 2018; Horn et al., 2019), an indication of white matter hypomyelination (Steenweg et
al., 2010), and (2) PAK2 loss-of-function mutations in ASD children (Wang et a/., 2018) are
associated with accelerated white matter maturation and hypermyelination based on brain
imaging analyses (Ben Bashat ef a/., 2007). Thus, the clinical evidence indicates that PAK1
and PAK2 may inhibit myelination during postnatal brain development.

Oligodendrocyte development from OPCs to myelinating OLs involves dramatic
morphological changes (Fig. 3A) during which dynamic cytoskeleton reorganization
provides physical support for morphological complexity. The cytoskeleton comprises

three major components: actin filaments (microfilaments), intermediate filaments, and
microtubule (MT) filaments. Oligodendroglial-lineage cells lack intermediate filaments and
only contain an actin and MT cytoskeleton (Fig. 3B) (Bauer, Richter-Landsberg & Ffrench-
Constant, 2009). It has been shown that actin filament (F-actin) assembly from globular
actin (G-actin) drives oligodendroglial lamellipodia-like protrusion, process extension

and arborization, and initial axon ensheathment while subsequent myelin sheath growth,
wrapping, and compaction require F-actin disassembly into G-actin (Zuchero et al., 2015;
Nawaz et al., 2015). The role of the MT cytoskeleton in oligodendroglial morphological
differentiation and myelination remains incompletely defined. Recent data show that

MT bundle assembly along oligodendroglial processes mediated by the Golgi outpost
protein tubulin polymerization promoting protein (TPPP) is required for CNS myelination
(Roll-Mecak, 2019), as TPPP-KO mice display shorter myelin sheath length (i.e. shorter
internodal length) and a thinner myelin sheath (Fu et a/, 2019), indicating that MT
assembly in oligodendroglial processes may regulate proper morphological differentiation
and myelination. To support this idea, a more recent /7 vitro study using MT-targeting
pharmacological agents reported that MT-destabilizing agents (such as Nocodazole)
promoted OL process branching and MBP expression whereas MT-stabilizing agents (such
as Taxol) exerted the opposite effects (Lee & Hur, 2020). Both MT-destabilizing and
stabilizing agents inhibited /77 vitro myelination in an OL—neuron co-culture assay system
(Lee & Hur, 2020), indicating that MT dynamics is essential for proper myelination.
Previous studies reported that non-muscle myosin Il, an actin-associated motor protein
participating in stress fibre formation (Fig. 3B), regulates OL morphological differentiation
(Wang et al., 2012; Kippert et al., 2009). Together, these data suggest that actin and MT
cytoskeleton dynamics play an indispensable role in regulating morphological changes and
complexity during OL differentiation, maturation, and myelination.

One of the best-known functions of PAKSs is regulation of actin and MT dynamics

through modulating the activity of a variety of downstream substrates that are crucial for
cytoskeleton reorganization (Fig. 3H) in a cell type-dependent manner. It should be noted
that most, if not all, of the downstream substrates are shared by the catalytically active
PAK1, PAK2, and PAKS. In oligodendroglial-lineage cells, Cdc42 and Racl (the canonical
activators of PAKSs) were thought to act as positive regulators for OPC differentiation as
demonstrated by plasmid-mediated overexpression of dominant negative or constitutively
active Cdc42/Racl (Liang et al.,, 2004). Subsequent conditional gene-KO data have instead
demonstrated that Cdc42/Racl-deficient OPCs differentiate normally in culture conditions
(Thurnherr et al., 2006). Interestingly, Cdc42 and Racl act synergistically to regulate
appropriate formation of myelin sheath in the CNS, as conditional depletion of Cdc42
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and/or Racl results in abnormal myelin outfoldings and enlargement of the inner tongue of
the myelin sheath (Thurnherr et al., 2006). These /n vivo myelination defects indicate that
myelin sheath formed by Cdc42/Racl-deficient myelinating OLs may undergo excessive
growth and/or insufficient wrapping presumably resulting from dysregulated cytoskeletal
dynamics (Zuchero et al., 2015; Nawaz et al., 2015; Lee & Hur, 2020). Given that PAKs are
the major molecules linking Cdc42/Rac1 to Cdc42/Racl-regulated cytoskeleton dynamics
(Fig. 3D), the /in vivo myelination-specific phenotypes in Cdc42/Racl conditional knockout
(cKO) mice (Thurnherr et al., 2006) indicate that PAKs may control myelin sheath growth
and wrapping (the final step of myelination) during development.

The role of group | PAKs in OPC proliferation, differentiation and myelination has not

been assessed until a recent study reported that myelination was transiently delayed in

very restricted white matter tracts of PAK3 systemic KO mice (Maglorius Renkilaraj et al.,
2017) in which potential developmental defects of other types of neural cells and vascular
cells cannot be excluded. A more recent study employed pharmacological inhibition and
overexpression of dominant negative and constitutively active PAK1 plasmids and concluded
that PAK1 is a positive regulator for OL morphological differentiation and myelination

in the zebrafish CNS (Brown et a/, 2021). This important and interesting study provided
the first evidence supporting a potential role of PAK1 in OL morphological differentiation
and myelination (Brown et al., 2021). The proposed positive role of PAK1 activity in OL
differentiation and myelination (Brown et al., 2021) is appealing, however it seems difficult
to reconcile with the clinical observation that PAK1 activation mutations are associated with
variable degrees of T2-MRI signal hyperintensity in affected human brain (Table 1), which
is an indication (but not a conclusion) of white matter hypomyelination (Merino, 2019;
Steenweg et al., 2010). These data suggest that PAK1 may have a species-dependent role

in regulating OL differentiation and myelination. Alternatively, an appropriate level of PAK
activity may be crucial for CNS myelination; its inactivation or overactivation then resulting
in myelination impairment.

Mechanistically, Brown et al. (2021) showed that PAK1 regulates OL morphological
differentiation through phosphorylating and modulating the activity of the LIMKZ1/cofilin
pathway, a crucial regulator of actin dynamics (Fig. 3H). A previous /n vivo study
demonstrated that PAK1 KO alone did not affect the activity of LIMK1 and cofilin in the
mammalian brain (Asrar ef al., 2009) (Table 2) due to functional redundancy between group
| PAK members (Huang et al., 2011). It is possible that the morphological changes arising
from short-hairpin RNA (shRNA)-mediated PAK1 knockdown in primary OPCs (Brown et
al., 2021) might result from activity-independent function of PAK1 (Higuchi et a/., 2008),
or from an intrinsic difference between /n vivoand in vitro requirements for PAK1 in
LIMKZ1/cofilin regulation. Another interpretation is that plasmid-mediated overexpression
of dominant negative and constitutively active PAK1 may initiate certain ‘toxic’ gain-of-
functions which are otherwise absent from physiological conditions. Moreover, plasmid-
mediated overexpression of dominant negative and constitutively active PAK1 alters the
function of not only PAKZ1, but also PAK2 or PAK3, thus making data interpretation more
complicated. It would be interesting and straightforward to employ oligodendroglial-specific
PAK cKO animals to determine the /n vivo function of PAKs in OL differentiation and CNS
myelination.

Biol Rev Camb Philos Soc. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang and Guo

Page 12

The downstream substrates of PAK kinase activity are likely to be cell-region and cell-type
dependent. For example, PAK1 exhibits a region-dependent functionality in regulating
F-actin dynamics in kidney epithelial cells: in the lamellipodia, PAK1 promotes F-actin
turnover by regulating the activity of cofilin whereas in the lamella immediately following
the lamellipodia, PAK1-regulated myosin (but not cofilin) plays a role in F-actin turnover
(Delorme et al., 2007; Delorme-Walker ef al., 2011). In this regard, it is important to

assess the anatomical distribution of PAK1 and F-actin during OL development. The spatial
relationship between PAK1 expression and the F-actin network has not been reported in
oligodendroglial lineage cells. Because the actin cytoskeleton is present ubiquitously and
densely in all type of neural and vascular cells in the brain, primary culture of OPCs and
OLs (Fig. 3C) provides a valuable system for studying the spatial distribution of PAK1 and
F-actin. In OPCs, F-actin was concentrated in the lamellipodium-like structures whereas
PAKZ1 seems restricted to F-actin-negative areas in the cell body (Fig. 3E). In immature OLs
undergoing active process extension and arborization, many F-actin* lamellipodium-like and
filopodium-like protrusions were frequently seen along and at the tip of oligodendroglial
processes Whereas PAK1 expression is primarily located in the cell bodies and proximal
processes and downregulated in F-actin® lamellipodium-like and filopodium-like structures
(Fig. 3F). In mature OLs, F-actin was substantially downregulated within the process
network (Fig. 3G) and restricted primarily to the outermost rim of the process network
(Zuchero et al., 2015; Nawaz et al., 2015). By contrast, PAK1 was restricted to the primary
and secondary processes and seemed absent from MBP* myelin sheets (Fig. 3G). Together,
high PAK1 expression appears to be restricted to the subcellular areas with little F-actin
network in OPCs, and immature and mature OLs /n vitro. Notably, the exclusion of PAK1
expression from MBP* and F-actin® distal processes (Fig. 3G) suggests that downregulation
of PAK1 may be permissive for the final steps of morphological maturation of OLs.

Based on the dynamic distribution of PAK1 in the cell body and processes, it is plausible

to hypothesize that PAK1 may play a stage-dependent role in OPC proliferation, OPC
differentiation, OL maturation, and myelination via regulating actin and MT cytoskeleton
dynamics. It will be important to determine the spatial distribution of kinase-active PAK1 in
OPCs, immature OLs, and mature OLSs.

(2) Insights from signalling cross-regulation

(&) Regulation between PAKs and Wnt signalling—Both PAK activity and -
catenin-mediated signalling activity are dysregulated in cancer cells and exert oncogenic
potential in promoting cancer cell proliferation and survival. Accumulating evidence
obtained from the cancer research field has demonstrated that PAK1 positively regulates
[B-catenin-mediated canonical Wingless-related integration site (Wnt) signalling (Fig. 4A).
PAK1 interacts with and directly phosphorylates -catenin, the key shuttling molecule
linking upstream Whnt signalling to downstream T cell factor/lymphoid enhancer factor
(TCF/LEF)-mediated transcriptional activity, at the residues Ser675 (Zhu et al,, 2012; Sun
et al,, 2009; He, Shulkes & Baldwin, 2008; Arias-Romero et al., 2013; Park et al., 2012)
and Ser663 (Park et al., 2012). Phosphorylation of Ser675 and S663 stabilizes p-catenin
and prevents it from proteasome-mediated degradation. The phosphorylated p-catenin is
accumulated in the cytoplasm and translocated into the nucleus where it binds to the

Wht effectors TCF/LEF and activates the Wnt/p-catenin/TCF/LEF signalling pathway.
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PAK1 may also enhance Wnt/B-catenin/TCF signalling indirectly by potentiating Akt/PKB-
mediated pB-catenin phosphorylation (Fang et af., 2007) (Fig. 4A).

Canonical Wnt/p-catenin signalling plays important roles in OL development and CNS
myelination (Guo et a/., 2015). While Wnt/B-catenin signalling may exert developmental
stage-dependent effects on OPC generation, differentiation, maturation, and myelination
(Guo et al., 2015; Dai et al., 2014), consensus has been reached that Wnt/p-catenin
overactivation inhibits OPC differentiation, maturation, and CNS myelination not only
during normal development but also during remyelination (Lang et a/., 2013; Feigenson et
al., 2009; Ye et al., 2009; Lee et al., 2015b,a; Fancy et al., 2014; Fancy et al., 2011b). PAK1
(or group | PAKSs) may control OPC differentiation and (re)myelination through modulating
Whnt/B-catenin activity. In this regard, it would be interesting to determine whether Wnt/p-
catenin signalling activity is dysregulated in oligodendroglial-lineage cells with constitutive
PAK1 activation, which has been reported in the brain of PAK1-activation mutations.

(b) Reciprocal regulation of PAK1 and AKT signalling—Like PAKSs, the Akt/PKB
signalling pathway is commonly dysregulated in various cancer cells. The published data
have unveiled a reciprocal regulation between the PAK and Akt pathways. PAK1, acting
through its kinase-independent scaffold function, recruits Akt from the cytosol to the plasma
membrane where PDK1 phosphorylates Akt at Thr308 in the kinase domain (Higuchi ef

al,, 2008). Additionally, PAK1 directly phosphorylates Akt at Ser 473 in the regulatory
domain (Mao et al., 2008) (Fig. 4B). Since Akt phosphorylation at Thr308 and Ser473 is
essential and sufficient for the full kinase activation, PAK1 is functionally placed upstream
of Akt activation in this regard. Reciprocally, activated Akt was reported to stimulate PAK1
through a GTPase-independent manner in rat fibroblasts (Tang et a/.,, 2000). Knockdown

of the mammalian target of rapamycin (mTOR) substrate p70 S6 kinase abrogates PAK1
phosphorylation at Thr423 and inhibits PAK1 activity in human hepatocellular carcinoma
cell lines (Ishida et a/., 2007), suggesting that Akt may potentiate PAK1 activation via Akt
downstream mTOR signalling in a cell-dependent manner (Fig. 4B). Furthermore, Akt may
regulate PAK1 subcellular localization and possibly PAK1 activity by trans-phosphorylating
PAK1 at Ser21, an event that dissociates PAK1 from the cell membrane and re-locates it

to the cytosol (Zhou et a/., 2003). The net outcome of PAK1 activity upon Akt-mediated
membrane disassociation is unclear but it probably involves sequestration of PAK activity
from regulating cytoskeleton organization at the leading edge of migrating cells because
membrane-associated PAK1 is exposed to high concentrations of active GTPases, the
upstream activators of PAKSs (Lu & Mayer, 1999).

The role of the Akt/PKB pathway in OPC differentiation and myelination has been

well documented. The current conclusion is that the Akt pathway is a positive regulator
for oligodendroglial myelination. A series of studies demonstrated that constitutive Akt
hyperactivity driven by the proteolipid protein (Plp) promoter enhances CNS myelination
without affecting OPC proliferation, survival, and differentiation (Flores et a/., 2008) and
the myelination-promoting effect appears to act through mTOR signalling, one of the
downstream substrates of Akt (Narayanan et al.,, 2009; Wahl et al., 2014), specifically
through Raptor-containing mTOR complex 1 (mTORC1) (Bercury et al., 2014). It is
conceivable that PIp promoter-driven Akt overexpression (Flores ef al., 2008) may create
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non-physiological Akt hyperactivity in the later stages of OL differentiation, hence it
remains uncertain whether physiological levels of Akt activity play a role in OPC
proliferation, differentiation, and myelination and whether other downstream targets [such
as forehead transcription factor of the O class (FoxO), glycogen synthase kinase 3

B (GSK3p), Wnt/p-catenin] mediate Akt-regulated oligodendroglial development during
CNS myelination. Conditional Akt-deletion experimental systems may help answer these
questions. It should be noted that Akt consists of three isoforms (encoded by Aktl, Akt2,
and Akt3, respectively) which may be functionally redundant in regulating oligodendroglial
development. It is possible that oligodendroglial development is unaffected in conditional
KO of each one of the isoforms but severely perturbed in triple Akt1/2/3 KO.

One outstanding question is whether PAK1 functions upstream or downstream of Akt

in the context of OL development. Interestingly, recent data demonstrated that transgene-
mediated constitutive Akt hyperactivation increased the percentage of OLs that were positive
for cytoplasmic PAK1 (Brown et al., 2021), suggesting that Akt may upregulate PAK1
expression. It is also possible that constitutively active Akt in OLs relocates PAK1 from the
plasma membrane to the cytosol through Akt-mediated PAK1 Ser21 phosphorylation (Fig.
4B). Further studies are needed to determine whether constitutively active Akt increases the
level of PAK1 Ser21 phosphorylation and regulates PAK1 kinase activity in the cytosol and,
reciprocally, whether PAK1 activation regulates Akt-mediated signalling pathways.

(c) Fine-tuning of the ERK/MAPK pathway by PAKs—The mitogen-activated
protein kinases (MAPKSs) are a family of serine/threonine protein kinases consisting of

at least three subfamilies: extracellular signal-regulated kinases (ERKS), c-Jun N-terminal
kinases (JNKs), and p38 MAPKSs, among which the ERK/MAPK pathways are most studied
in OL development and CNS myelination.

The rat sarcoma virus (Ras) family genes are the most common oncogenes in human
cancers. The canonical Ras/rapidly accelerated fibrosarcoma 1(Raf1)/MEK/ERK signalling
axis transduces extracellular signals to gene expression during cell proliferation and
survival. PAK1 has been shown to stimulate the Raf1l/MEK/ERK signalling axis by directly
phosphorylating Rafl at Ser338 and MEK1 (also known as ERK kinase) at Ser298, thus
facilitating signal transduction from Ras to ERK (Fig. 5A). It has been also reported

that PAK1 attenuates ERK-mediated signalling through activating the phosphatase activity
of protein phosphatase 2A (PP2A), a negative regulator that dephosphorylates ERK and
inhibits ERK activity (Fig. 5A) at least in mast cells and cardiomyocytes. It is likely

that PAK1 may potentiate or attenuate the ERK/MAPK-mediated signalling pathway

in a context-dependent manner according to cell type, level of ERK activation, and/or
developmental stage.

The role of the ERK/MAPK pathway in OPC proliferation, differentiation, myelination
initiation, and myelin growth is still controversial and may be OL developmental-stage
dependent. A study employing Olig2-Cre:Erk1™"=: ErkZVf mice (Olig2:ERK1/2 cKO;

died after birth) concluded that ERK1/2 promotes OPC proliferation yet inhibits OPC
differentiation and myelination initiation (Newbern et a/., 2011). Consistent with this idea,
Ishii, Furusho & Bansal (2013) showed that ERK1/2 depletion in Olig1-Cre:Erk1™'~: Erk AVl
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mice (Oligl:ERK1/2 cKO, died after birth) resulted in diminished OPC proliferation.

The same group used Crp-Cre:Erk1™=: ErkZVT mice (Cnp:ERK1/2 cKO, viable) and
documented that ERK1/2 depletion resulted in a reduction in myelin sheath thickness
without affecting OPC proliferation and differentiation (Ishii et a/., 2012). The expression

of oligodendrocyte lineage transcription factor 2 (Olig2) (or Oligl) commences in pre-OPCs
and continues in OPCs and OLs whereas 2°,3"-cyclic nucleotide-3"-phosphodiesterase (Cnp)
is upregulated primarily in the later stages of OLs (O4* immature OLs, and mature OLS)
(Zhang et al., 2018), therefore, the discrepant results obtained from Olig2 (Oligl)-Cre versus
Cnp-Cre-driven ERK1/2-deletion mice suggest that ERK/1/2 promotes OPC proliferation
and population expansion but inhibits subsequent OPC differentiation and myelination
initiation. The inhibitory role of ERK1/2 in OPC differentiation and myelination initiation is
further supported by recent /n vitro OPC cultures showing that dampening the ERK pathway
using a variety of small compounds remarkably promotes OPC differentiation in a cell-
autonomous manner and enhances myelination initiation in OPC-neuron co-cultures (Suo et
al., 2019). ERK1/2 gain-of-function via Olig1-Cre-driven expression of constitutively active
MEK (see Fig. 5A) resulted in OPC hyperproliferation and OPC overproduction whereas
Cnp-Cre-mediated ERK1/2 gain-of-function increased myelin sheath thickness without
affecting OPC proliferation and myelination initiation (Ishii, Furusho & Bansal, 2013),
which was confirmed by recent data from the same group (Ishii ef a/., 2019). Taken together,
these ERK1/2 loss- and gain-of-function data collected from Olig2 (Olig1)* and Cnp*

cells suggest that the ERK pathway may play a stage-dependent role in oligodendroglial
development: it promotes OPC proliferation and population expansion, inhibits OPC
differentiation and myelination initiation, and enhances myelin sheath growth (the final step
of myelination). Future studies leveraging stage-specific ERK loss- and gain-of-function

are needed to support this likely stage-dependent role. Considering the potential role of
PAK1 in modulating ERK signalling activity (Fig. 5A), the hypothetical stage-dependent
role of ERK1/2 in OL development suggests that PAK1 may coordinate different steps of
OL development through fine-tuning the activity level of ERK1/2. Future studies are needed
to determine whether PAK1 regulates ERK signalling activity at different developmental
stages of oligodendroglial-lineage cells.

(d) Crosstalk between PAK and Notch signalling—Conserved Notch signalling
plays important roles in oligodendroglial development. In the absence of ligand binding,

the Notch effector and transcriptional factor recombination signal binding protein for
immunoglobulin kappa J region (RBP-J) recruit a co-repressor complex consisting of histone
deacetylase (HDAC), SMRT/HDAC1 associated repressor protein (SHARP) (Oswald et

al., 2002), and nuclear receptor co-repressor 2 (NCoR), and inhibit Notch target gene
expression (Fig. 5B). The binding of ligands to Notch receptors triggers gamma-secretase-
mediated cleavage of Notch intracellular domain (NICD) from the plasma membrane,
which subsequently translocates into the nucleus where it activates Notch/RBP-J target-gene
expression by recruiting transcriptional co-activators (Fig. 5B). Previous studies conducted
in non-oligodendroglial-lineage cells have demonstrated that PAK could suppress Notch
signalling by enhancing the function of the signalling co-repressors and or enhance Notch
signalling by modulating the stability of NICD, the key shuttling factor linking extracellular
signals to downstream gene expression (Fig. 5B). Interestingly, recent data showed that
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NICD directly complexes with PAK1, which promotes the translocation of PAK1 from the
cytosol to the nucleus. A previous study reported that PAK1 complexes and phosphorylates
integrin-linked kinase (ILK) which promotes ILK retention in the cytoplasm (ILK is
predominantly cytoplasmic) (Acconcia et al., 2007). In the cytoplasm, ILK negatively
modulates a variety of its downstream substrates including NICD itself (Mo et al., 2007)
(Fig. 5B) and GSK3p (Naska et al., 2006). In this regard, NICD-mediated PAK1 nuclear
relocation provides a positive feedback to Notch signalling activity by reducing NICD
degradation. NICD-mediated PAK1 nuclear relocation may also regulate the nuclear activity
of PAK1 (Rayala, Molli & Kumar, 2006a; Rayala et al., 2006b) and affects cell mitosis and
gene expression in proliferating cells (Li et a/, 2002) (see Section V1.3).

Notch signalling has been proposed as a molecular rheostat controlling OL development
(Popko, 2003). The inhibitory or promoting effect of Notch signalling on OL development
may be both stage dependent and Notch ligand dependent which is suggested by discrepant
observations from different contexts (for example development versus regeneration)
(Brosnan & John, 2009; Stidworthy et al., 2004; Zhang et al., 2009). Delta-Notch
signalling promotes OPC generation from neural precursor cells in the embryonic spinal
cord of zebrafish (Park & Appel, 2003). By contrast, Jagged1-Notch signalling inhibits
OPC differentiation in the CNS of neonatal rodents (Wang et al., 1998; Genoud et

al., 2002). Jagged1 expression is sharply downregulated by the first postnatal weeks in
rodents (Wang et al., 1998), suggesting that Jagged1-activated Notch signalling in OPCs
diminishes over time during postnatal development. Interestingly, F3/contactin is identified
as a physiological axon-derived ligand for Notch receptors and F3/contactin-initiated
Notch signalling in OPCs promotes OPC differentiation (Hu et a/, 2003). It is plausible
that, during active myelination, axon-derived F3/contactin predominates over Jaggedl in
activating Notch signalling in OPCs and the activation of F3/contactin—Notch signalling
promotes OPC differentiation and facilitates axonal ensheathment. Given the importance
of PAK in controlling Notch signalling (Fig. 5B), we hypothesize that PAK may regulate
different steps of OL development through fine tuning the activity level of Notch signalling
in OPCs and OLs.

(3) PAKs in the nucleus: a potential role in oligodendrocyte development?

PAK1 is reported to primarily located in the cytoplasm and at the leading plasma membrane
of migrating cells (Lu & Mayer, 1999; Kichina et al., 2010). PAK1 is also present, albeit in
a low amount, in the nucleus during mitosis in proliferating cells and has been proposed to
play a role in mitotic spindle formation during breast cancer cell division (Li et al., 2002). In
the nucleus, PAK1 interacts with and phosphorylates histone H3 at Ser10, likely modulating
the function of histone H3 in gene expression (Li ef al, 2002). PAK1 has also been observed
to translocate into the nucleus in response to extracellular-signalling molecules such as
prolactin (Oladimeji & Diakonova, 2016) and epithelial growth factor (EGF) (Singh et af,
2005) in breast cancer cells. It has been shown that PAK1 (and PAK2) consists of three
nuclear localization sequences (NLSs) whose mutation eliminates the nuclear translocation
of PAK1 (Singh ef al., 2005). Recent data demonstrated that PAK1’s interacting partner
dynein light chain (LC8) (Lightcap et a/., 2008; Vadlamudi ef a/., 2004a), a protein well
known for its role in dynein motor complex assembly, facilitates PAK1 nuclear import in
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human breast cancer cells (Lightcap et a/., 2009). In particular, LC8-mediated PAK nuclear
transport is unique to PAK1 due to the absence of the LC8-interacting domain in other
PAKs (Lightcap et al., 2009). Knockdown of PAK1 in zebrafish resulted in a decreased
rate of embryo survival and morphological alterations in surviving embryos, however,
overexpression of mutant PAK1 deficient for NLS or LC8-binding failed to rescue the
embryo death or morphological alterations (Lightcap et al., 2009), suggesting that PAK1
nuclear localization is crucial for cell survival and zebrafish embyo development.

As discussed in Section V1.2d, PAK1 directly complexes with NICD which contains one
canonical NLS (Huenniger et al., 2010). Therefore, it is plausible that PAK1 nuclear
translocation is facilitated by NICD binding in response to Notch signals. Reciprocally,
PAK1 may also facilitate NICD nuclear translocation to enhance its downstream Notch
target because PAK1 contains three NLSs in its N-termimal domain.

The biological significance of PAK1 nuclear translocation remains enigmatic. It was
traditionally thought that kinase-active PAK1 is primarily located near the plasma membrane
where the canonical activators Cdc42 and Racl are concentrated (Lu & Mayer, 1999). It

is possible that nuclear PAK1 is shunted from Cdc42/Racl-mediated activation. However,
previous data suggest that the kinase activity of nuclear-localized PAK1 is maintained
(Oladimeji & Diakonova, 2016; Oladimeji et al., 2016; Lightcap et al.,, 2009; Li et al.,
2002). In addition to regulating mitotic spindle formation (Li et a/., 2002), one likely
outcome of PAK1 nuclear localization is to regulate gene expression by targeting regulatory
elements of chromatin (Singh et a/., 2005). It seems that nuclear PAK1 can promote or
inhibit its downstream target gene expression in a context-dependent manner (Singh et al.,
2005), Together, nuclear PAK1 may have physiological roles in regulating cell division and
influencing gene expression, at least in transformed cancer cells.

Using primary OPC and OL cultures, we observed that PAK1 is primarily distributed in

the cytoplasm and present at a low amount in the nucleus in undifferentiated OPCs and
gradually increases in the nuclei of maturing OLs (Fig. 3E-G). It appears that PAK1

is also concentrated in OL nuclei in the rodent brain at early postnatal ages (Brown et

al., 2021). The potential role of nuclear PAK1 in regulating mitotic spindle formation

during OPC proliferation has not been revealed yet. In addition to regulating morphological
differentiation (Brown et al., 2021), it remains to be defined whether nuclear PAK1 regulates
the expression of certain genes required for OPC molecular differentiation. Understanding
the upstream signals driving PAK1 nuclear localization during oligodendroglial-lineage
progression and maturation will provide novel insights into the molecular mechanisms
underlying PAK-regulated OL development. Moreover, unbiased proteomic identification of
PAK’s interacting partners in OPCs and OLs may also provide novel insights into these
outstanding questions.

VIl. PAKs IN DEMYELINATION: FRIENDS OR FOES IN MYELIN REPAIR?

Blocked OPC differentiation and incomplete remyelination (or myelination failure) are
pathological characteristics in the multiple sclerosis (MS) brain (Franklin, 2002), the
most common inflammatory demyelinating CNS disorder and the most common cause of
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non-traumatic disability in young adults (Frischer et a/., 2015). The molecular programs
during remyelination usually recapitulate those during developmental myelination (Fancy
et al., 2011a). It has been proposed that tightly controlled molecular programs during
developmental myelination are severely dysregulated and imbalanced in MS brain lesions,
causing inefficient or failed remyelination. Searching for such molecular targets is
instructive for therapeutic designs to promote myelin regeneration in MS.

PAK inhibition has been shown to exert beneficial effects in other neurodevelopmental
disorders with potential myelination impairment. Previous preclinical studies demonstrate
that genetically or pharmacologically inhibiting PAK activity rescues neuronal phenotypes
and symptoms of fragile-X syndrome (FXS) (Hayashi et a/., 2007; Dolan et al., 2013)

in FMR1-KO animal models (Kazdoba et a/., 2014) in which delayed myelination is

also observed (Pacey et al., 2013). These functional data indicate that PAK hyperactivity
is detrimental to postnatal brain development. It would be very interesting to determine
whether inhibiting PAK activity also rescues myelination delay in the FMR1-KO mouse
model of FXS. Such data would provide insights into the function of PAK activity in OL
development and myelination.

The conversion of relapse-remitting MS (RRMS), the major form of MS, to secondary
progressive MS (SPMS) is commonly seen in MS patients. It has been proposed that

this conversion coincides with the change of adaptive immunity-driven pathogenesis to
chronic innate immunity-driven neurodegeneration in the CNS of MS patients (Weiner,
2008). The potential for OPC differentiation and remyelination declines with the disease
course conversion and, therefore, it is common to see many chronic plaques characterized by
remyelination failure in SPMS patients (Frischer et al,, 2015). It remains elusive whether
PAK activity is upregulated in chronic plaques and if so, whether dysregulated PAK
activity is a molecular culprit that blocks OPC differentiation and remyelination. Previous
proteomics data demonstrated that the expression level of PAK1 was upregulated fourfold in
chronic plagues compared to non-MS white matter controls (Fig. 6). PAK2, albeit at a much
lower level than PAK1 (greater than 15-fold difference), displays mild upregulation (Fig. 6).
These data suggest that PAK1 and PAK2 dysregulation may inhibit OPC differentiation and
remyelination in chronic MS plaques. Given that spontaneous remyelination occurs in some
lesions of MS patients (called shadow plaques) (Patrikios et al., 2006), as an alternative
interpretation, upregulation of PAK1 (or PAK2) may be an indication of spontaneous
remyelination occurrence, in line with a positive role of PAK1 in OL differentiation

and developmental myelination proposed recently (Brown et al., 2021). It remains to be
determined whether PAK1 or PAK2 upregulation occurs in oligodendroglial lineage cells
and whether the kinase activity of PAKSs is upregulated in chronic plaques. Such studies
would offer new insights into targeting PAK activity for promoting remyelination in MS
patients and preclinical animal models. Together, the currently available data suggest that
PAK1 dysregulation may be a potential therapeutic target for myelin regeneration in MS.
Additional preclinical animal studies are needed to support or falsify this hypothesis.
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CONCLUSIONS

(1) PAK1, acting in a kinase-dependent and kinase-independent manner, regulates a plethora
of downstream substrates and signalling pathways such as LIMKZ1/cofilin, Wnt/B-catenin,
Akt, Rafl/MEK/ERK, and Notch signalling pathways, all of which have been reported to
play important roles in oligodendroglial development and (re)myelination. Consensus has
been reached that group | PAKSs are required for CNS neuronal development and function
and inhibiting PAK hyperactivity is beneficial in animal models of neurodevelopmental
disorders. However, the role of CNS myelination and remyelination remains incompletely
understood, and the direct demonstration of the role of group | PAKs in mammalian CNS
myelination and remyelination is still lacking.

(2) OL development consists of multiple sequential steps (or stages): OPC proliferation and
population expansion, OL differentiation and maturation, myelin ensheathment (myelination
initiation), and myelin wrapping and compaction. Defects in the upstream steps invariably
result in impairments of the downstream steps. The dynamics of group | PAK kinase activity
along the different steps of oligodendroglial development has yet to be defined. Since

many PAK-controlled oncogenic signalling pathways regulate oligodendroglial development
in a stage-dependent and/or dose-dependent manner, it is likely that PAKs may also play

a stage (or dose)-dependent role in OPC proliferation versus OPC differentiation and in
myelin ensheathment versus myelin wrapping. For example, as highlighted in Fig. 3H,
PAK1 activation leads to F-actin assembly, which has been demonstrated to promote

OL morphological differentiation and initial axon ensheathment. However, subsequent
myelin wrapping and compaction require F-actin disassembly (Zuchero et al., 2015;

Nawaz et al., 2015). In this sense, the role of group | PAKs in OL development may

not be binary (positive or negative) or uniform along the different steps. Screening and
characterizing potential binding partners and downstream targets of PAKSs at different

stages of oligodendroglial development will provide novel insights into the hypothetical
stage-dependent regulation of oligodendroglial development.

(3) Previous studies demonstrate functional redundancy of group | PAKs in regulating
neuronal development and function. It remains to be determined whether such functional
redundancy occurs during oligodendroglial development and function. It is also noteworthy
that PAK1 is uniquely phosphorylated at Thr212 during the mitotic phase by Cyclin B/Cdc2
(no equivalent phosphorylation exists in PAK2 and PAK3) in proliferating cells. PAK1
phospho-T212 is present in the embryonic and early postnatal murine brain but absent

from the adult brain (Zhong et al., 2003). Since OPCs are highly proliferating cells in the
embryonic and early postnatal brain, it is plausible to hypothesize that PAK1 may modulate
OPC proliferation and population number through T212 phosphorylation. Future studies
specifically mutating PAK1 T212 in OPCs are needed to prove or disprove this hypothesis.

(4) The kinase-independent functions of PAKSs in regulating cellular processes and signalling
pathways are not uncommon and may also play important roles in OPC proliferation,

OL differentiation, and myelination. Previous data have shown that plasmid-mediated
overexpression of a kinase-dead PAK1 mutant (PAK1-K299R) activates the ERK1/2-MAPK
(Wang et al., 2013) and Akt/PKB (Higuchi et al., 2008) signalling pathways and that cell
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cycle arrest induced by expression of the peptide inhibitor PAK1-AID (aa83-149) cannot

be rescued by the enforced expression of a kinase-active PAK1 mutant (PAK1-T423E)
(Thullberg et al., 2007). Plasmid-mediated expression of these PAK mutants may create a
‘molecular bridge’ by which PAK’s interacting partners are recruited to different subcellular
locations, presumably exerting their biological effects through PAK1 kinase-independent
scaffold function. Alternatively, aberrantly high levels of the mutant ‘molecular bridges’

via plasmid-mediated overexpression could provide potential ‘toxic’ gain-of-functions that
are otherwise absent from cells under physiological conditions. Future /7 vivo studies
employing PAK loss-of-function approaches will help define the physiological role of PAKs
in oligodendroglial development.

(5) The functions and molecular mechanisms of PAKs in OL regeneration and remyelination
remain enigmatic. PAK1 may play a different role in CNS remyelination from that reported
during normal development (Brown et al., 2021) considering its dysregulation in chronic
demyelination MS lesions (Fig. 6). Immunohistological data are needed to validate the
dysregulation of PAK1 in MS demyelination lesions (Han et a/., 2008) and to determine

the cell types with PAK1 dysregulation. At the functional level, time-conditional and
cell-specific PAK-disruption systems may help to elucidate the potential role of PAKs in
demyelination and remyelination. From a translational perspective, it is equally important to
determine whether PAK enzymatic activity is dysregulated in MS lesions considering that a
large number of PAK inhibitors have been developed and some are in clinial trials in cancer
treatment. In this regard, it will be interesting to determine the effect of pharmacologically
or genetically inhibiting PAKs on OL regeneration and myelin repair in preclinical animal
models of CNS demyelination/remyelination.
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PAK1 sequence homology: human vs mouse, 98%; human vs rat, 99%
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D
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410 420 430 440 450 41 420 430 440 450
GSVKLTDFGF CAQITPEQSK RSTMVGTPYW MAPEVVTRKA YGPKVDIWSL (Thr423) STMVGTPYWM APEVVTRKAY GPKVDIWSLG IMAIEMVEGE PPYLNENPLR (Thr402)
480 490 500 480 490 500
GIMAIEMIEG EPPYLNENPL RALYLIATNG TPELQNPEKL SAIFRDFLNR ALYLIATNGT PELQNPEKLS PIFRDFLNRC LEMDVEKRGS AKELLQHPFL
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Fig. 1.

KLAKPLSSLT PLIMAAKEAM KSNR

Structure, activation, and homology among group | p21-activated kinases (PAKS). (A)
Schematic diagram depicting the major domains and motifs for protein—protein interactions,
major phosphorylation sites, and respective kinases using PAK1 as an example. AlID,
autoinhibitory domain; Akt/PKB, protein kinase B; Cdc2, cell division control 2; CRIB,
Cdc42 and Racl interactive binding domain; GB+y, G protein beta gamma; Grb2,
growth factor receptor-bound protein 2; Nck, non-catalytic region of tyrosine kinase; p35/
Cdk5,; PDK1, 3-phosphoinositide-dependent kinase 1; PIX, p21-interacting Rac-guanine
exchange factor; PKG, cGMP-dependent protein kinase. (B) PAKL1 is autoinhibited in
trans and the binding of GTP-Cdc42 or GTP-Racl induces a conformational change,
autophosphorylation at Ser144 and Thr423, and kinase activation. Fully activated PAK1 may
undergo dephosphorylation by certain phosphatases (Wang & Wang, 2008; Ke et al., 2004)
and convert to autoinhibited homodimers or be subject to proteasome-mediated degradation
(Weisz Hubsman et al., 2007), thus down-regulating PAK activity. (C) Amino acid (aa)
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length and predicted molecular mass of PAK1-3. Sequence % homology was retrieved

from Uniprot.org and calculated as the number of identical aa residues between species.

(D) Amino acid sequences of human PAK1 and PAK2. Residues and numbers highlighted
in red are the major autophosphorylation sites during kinase activation. PAK1 Lys299 and
PAK2 Lys278 (highlighted in green) are ATP binding sites of the activated PAKs. PAK1
Thr212 (highlighted in blue) is a phosphorylated site present only in PAK1. Mutation of the
lysine residue to other residues, for example to arginine (K299R), prevents ATP binding and
creates a kinase-inactive PAK1 (kinase-dead PAK1). Therefore, expression of K299R-PAK1
plasmids, /n vivo or in vitro, provides a dominant-negative approach to probe the role of
PAK1 kinase activity.
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Fig. 2.

Expression of the p21-activated kinases PAK1, PAK2, and PAK3 in the body, central
nervous system (CNS), and in oligodendroglial-lineage cells. (A) Relative levels of

human PAK1-3 protein in different organs. Data adapted from the Human Protein Atlas
(www.proteinatlas.org). (B) Relative levels of mouse PAK1-3 messenger RNA (MRNA) in
different brain cells. Values are means + standard deviations. Data adapted from the brain
RNA-sequencing (RNA-seq) database (www.brainrnaseq.org) (Zhang et al., 2014). FPKM,
fragments per kilobase of transcript per million mapped reads; myelinating OL, myelinating
oligodendrocytes identified by myelin oligodendrocyte glycoprotein (MOG) expression;
NFO, newly formed oligodendrocytes identified by galactosylceramidase (GalC) expression;
OPC, oligodendrocyte progenitor cells. (C) Relative levels of mouse PAK1-3 mRNA in
different maturation stages from OPC to mature oligodendrocytes stage 6 (MO6) (from

left to right). COP, differentiation-committed OPC; NFOL, newly formed oligodendrocytes;

[

Q060000 DOOEHROO

Biol Rev Camb Philos Soc. Author manuscript; available in PMC 2023 April 01.


http://www.proteinatlas.org/
http://www.brainrnaseq.org/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang and Guo

Page 34

MFOL, myelin-forming oligodendrocytes. The oligodendroglial lineage-specific marker
myelin regulatory factor (MYRF) (Emery et al., 2009) serves as a control against which
the relative level of PAK1-3 can be compared. Data adapted from single-cell RNA-seq
(www.linnarssonlab.org/oligodendrocytes) (Marques et al., 2016). The y~axis shows unique
molecular identifier (UMI) counts.
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Fig. 3.

p291-activated kinases (PAKSs) and cytoskeleton in oligodendrocyte progenitor cells (OPCs)
and oligodendrocytes (OLs). (A) Major steps of morphological differentiation from OPCs to
myelinating OLs. (B) Simplified diagram depicting actin and microtubule (MT) cytoskeleton
distribution in OL processes which are analogues to neuronal growth cones. The F-actin
network is concentrated at the leading edge of the growth cone-like structures whereas

the MT network is distributed in parallel orientation along the processes. Non-muscle
myosin Il participates in actin stress fibre formation, which provides contractile forces for
migrating mammalian cells. (C) Primary OPC culture and validation of OPC differentiation
(Zhang et al., 2018). D1-D4, days 1-4; DM, differentiation medium; GM, growth medium;
MBP, myelin basic protein. (D) Representative image showing MTs revealed by a-tubulin
immunostaining in a D2 immature OL. Image adapted from Lang et a/. (2013). Scale

bar, 10um. (E-G) Actin cytoskeleton (indicated by phalloidin staining; red) and PAK1
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distribution (green) in OPCs (E) D2 immature OLs (F), and D4 mature OLs (G). DAPI,
4,6-diamidine-2-phenylindole is blue-fluorescent DNA stain. Scale bars: 10um. In E, OPC#4
is shown at a higher magnification in the images on the right. Dotted outline in the second
image from the left indicates the outermost rim of the F-actin network. Arrows point to

the leading filopodial-like spikes positive for F-actin. Arrowheads point to the outermost
edge of the F-actin-rich lamellipodia-like protrusions. In F, the boxed area is shown at

a higher magnification in the lower panels. The arrowheads indicate the F-actin® filopodia-
like spikes at the end of oligodendroglial processes that appear negative for PAK1. (G)
Distribution of PAK1 and F-actin in D4 mature OLs. F-actin is localized in distal processes
and myelin sheets whereas PAKL is restricted to the primary and secondary processes and
cell bodies. F-actin is often concentrated in the F-actin-rich lamellipodia-like protrusions
which are negative for PAK1 (arrowheads). The PAK1 antibody used was a validated
antibody (#223849; Abcam) (Grebenova et al., 2019). Note that the Abcam PAK1 antibody
#131522 previously used for immunostaining of primary OLs (Brown et al., 2021) was
shown to recognize an unknown antigen but not endogenous PAK1 (Grebenova et al.,
2019). (H) PAKSs regulate cytoskeleton dynamics by phosphorylating and modulating the
activity of their substrates. The best studied substrate is Lin-11, Islet-1, and Mec-3 domain
kinase 1 (LIMK1), which is phosphorylated at residue T508 and subsequently activated by
PAKs. Activated LIMKZ1 phosphorylates cofilin and inhibits the actin depolymerizing and
severing activity of cofilin (Delorme et al., 2007). PAKs phosphorylate filamin (Barnes et
al., 2003) and actin-related protein 2/3 complex 41 kDa subunit (p41/Arc) (Vadlamudi et
al., 2004b), the regulatory component of the actin-related protein 2/3 complex (Arp2/3), to
promote actin polymerization. PAKs regulate actin stress fibre formation by phosphorylating
and inhibiting myosin light chain kinase (MLCK) (Goeckeler et al,, 2000; Sanders et al.,
1999). PAKSs regulate MT dynamics by phosphorylating and modulating the activity of the
MT-destabilizing protein stathmin (Wittmann et al., 2004) and the MT polymerizing protein
tubulin cofactor B (TBCB) (Vadlamudi ef a/., 2005a).
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p21-activated kinases (PAKS) regulate Wnt/p-catenin (A) and protein kinase B (Akt/PKB)
(B) signalling pathways. (A) PAK activates the B-catenin-mediated signalling pathway both
directly and indirectly. In the absence of upstream Wnt signalling, p-catenin undergoes
rapid turnover, a proteasome-mediated degrading process involving the destruction complex
consisting of adenomatous polyposis coli (Apc), Axin2, casein kinase | (Ck1), and glycogen
synthesis kinase 3 (Gsk3). Ck1-mediated phosphorylation at Ser45 and subsequent Gsk3-
mediated phosphorylation at Ser33/Ser37/Thr41 mark p-catenin for proteasome-mediated

degradation. Kinase-active PAKSs directly interact with and phosphorylate p-catenin at

Ser663 and S675, both of which stabilize f-catenin and activate p-catenin/T cell factor
(TCF)/lymphoid enhancer factor (LEF)-mediated signalling. PAKs also indirectly enhance
B-catenin transcriptional activity by potentiating serine/threonine kinase Akt/PKB activation
(Higuchi et al.,, 2008), which, in turn, phosphorylates p-catenin at Ser552 and increases its
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stability and transcriptional activity. (B) Reciprocal regulation between PAK and Akt/PKB
signalling pathways. PAK1 is re-localized to the cell membrane by binding to adaptor
proteins (such as non-catalytic region of tyrosine kinase, Nck) through its proline-rich PxxP
motifs (see Fig. 1A) in response to growth factor-activated receptor tyrosine kinases (RTKS).
PAK1 stimulates Akt/PKB through its kinase-independent scaffolding function by recruiting
Akt/PKB from the cytosol to the cell membrane where Akt/PKB is activated by the
membrane-associated 3-phosphoinositide-dependent protein kinase-1 (PDK1) (Higuchi et
al., 2008). PAK1 also positively regulates Akt/PKB by directly phosphorylating Akt/PKB at
Ser473 at the C-terminal regulatory domain (Mao et al., 2008), an essential phosphorylation
event for Akt/PKB activation. Reciprocally, activated Akt/PKB disassociates PAK1 from
the cell membrane by phosphorylating PAK1 at Ser21 (Zhou et al., 2003), a residue that
was originally identified as an autophosphorylation site during PAK activation. Akt/PKB
also promotes PAK activation (Tang et al., 2000) possibly through the mammalian target of
rapamycin (MTOR)/P70S6 kinase signalling pathway (Ishida et al., 2007).
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Fig. 5.

Rggulation of rapidly accelerated fibrosarcoma 1 (Rafl)/mitogen-activated protein kinase
(MEK)/extracellular signal-regulated kinase (ERK) (A) and Notch (B) signalling pathways
by p21-activated kinases (PAKS). (A) PAKSs positively and negatively regulate the
Raf1l/MEK/ERK signalling pathway in different contexts. PAK1 activates ERK signalling
pathways by directly phosphorylating the upstream activator Rafl at Ser338 and MEK at
S298 and augmenting the kinase activity of Rafl and MEK (Zang et al.,, 2002; Chaudhary et
al,, 2000; Shrestha et al., 2012; Coles & Shaw, 2002). PAK1 promotes ERK activation
independent of its kinase activity and presumably by PAK’s scaffold function which

recruits MEK to the cell membrane where MEK can be activated by membrane-bound
activated Rafl (Wang et al., 2013). PAK1 also inhibits ERK signalling by activating protein
phosphatase 2A (PP2A) (Taglieri et al., 2011; Staser et al., 2013), a negative regulator

of ERK activity (Miglietta et al., 2006; Van Kanegan et al., 2005). (B) Hypothetical

model of PAK regulation of Notch signalling. Notch receptors are membrane-anchored
proteins consisting of an extracellular ligand-binding domain and an intracellular domain
(NICD, Notch intracellular domain). Notch ligands are membrane-associated glycoproteins
(such as Jaggedl, Delta, and F3/contactin) expressed in Notch signal-producing cells.

PAK1 interacts with and phosphorylates the Notch repressor component SHARP (SMRT/
HDAC1 associated repressor protein) at Ser3486 and Thr3568 within its repression domain,
enhancing SHARP-mediated repression of Notch target genes (Vadlamudi et a/., 2005b).
PAK1 also controls Notch signalling through phosphorylating and activating integrin-linked
kinases (ILKs) (Acconcia et al., 2007) which, in turn, phosphorylates the NICD at Ser2173
and promotes proteosome-mediated NICD degradation, a process in which the E3 ligase
F-box/WD repeat-containing protein 7 (Fbxw7) [which tags NICD with ubiquitin (Ub)]
plays an essential role (Mo et al.,, 2007). ILK, which plays an essential role in tumorigenesis,
has been shown to regulate OPC proliferation and differentiation (Hussain & Macklin,
2017). In addition to ILK, NICD is also reported to interact directly with PAK1 and facilitate
PAK1 (and/or ILK) nuclear translocation (Yoon et al., 2016). HDAC, histone deacetylase;
NCoR, nuclear receptor co-repressor 2; RBP-J, recombination signal binding protein for
immunoglobulin kappa J region.
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Efpression of group I p21-activated kinases (PAKSs) in different types of white matter
plaques and control white matter of the multiple sclerosis (MS) brain. Different types

of MS plaques were isolated by laser capture microdissection and the resulting protein
extract was subjected to proteomic identification (Han et al., 2008). Active plaques (AP) are
histologically characterized by indistinct margins of demyelination and dense infiltration of
myelin debris-loaded macrophages/microglia. Chronic active plaques (CAP), also known as
smouldering plaques or slowly expanding plaques (Frischer et a/., 2015) are characterized
by defined demarcation of demyelination with no or few activated macrophages/microglia
within the plaque but with many surrounding plaques. Chronic plaques (CP, or chronic
inactive plaques) are characterized by a sharply demarcated demyelination edge with no or
few myelin debris-loaded activated macrophages/microglia. ctrl, control. Data adapted from
Supplemental Table 3 of Han et a/. (2008).
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disability
Affected males display
microcephaly

PAKs | Mutation type / Function Major neurological Brain magnetic References
residue changes alterations symptoms resonance imaging
(MRI) findings
Missense * Gain of function Developmental delay, White matter Harms et al. (2018)
Tyr131Cys Activating kinase macrocephaly, seizure, and hyperintensity
Tyra29Cys activity ataxic gait
Missense Gain of function Developmental delay, White matter Horn et al. (2019)
pAK1 | Serll0Thr Activating kinase intellectual disability, hyperintensity,
Ser133Pro activity macrocephaly, autism, ataxic Abnormal corpus
Pro121Ser Leu470Arg gait, and seizures callosum
Missense Gain of function Autism, intellectual disability, Not determined Kernohan et al.
Prol21Leu Activating kinase and epilepsy (2019)
activity
Nonsense ¥ Loss of function Autism Not determined Wang et al. (2018,
Arg479Stop Inhibiting kinase Willatt et al. (2005)
pAK2 | Copy-number deletion | activity
in the 3929 region
containing 22 genes
including PAK2
Nonsense Non-pathogenic X-linked non-syndromic Not determined Allen et al. (1998)
Arg419Stop FAA mutations mental retardation, no specific
neurological findings
Missense Arg67Cys Loss of function X-linked non-syndromic Not determined Bienvenu et al.
Inhibiting kinase mental retardation, no specific (2000); des Portes
activity neurological findings etal. (1997h)
Missense Loss of function X-linked non-syndromic Not determined Gedeon et al. (2003)
Ala365Glu Inhibiting kinase mental retardation, no
activity specific neurological findings,
neuropsychiatric problems
Missense Trp446Ser Loss of function Both affected males and carrier | Not determined Peippo et al. (2007)
Inhibiting kinase females display learning
PAK3 activity problems and mild mental

Missense Pathogenic mutation Motor and mental Enlarged lateral Qian et al. (2020)
Cys371Tyr developmental delays ventricles

Thin periventricular

white matter

Corpus callosum

dysplasia
Missense Loss of function Intellectual disability Short corpus callosum | Duarte ef al. (2020)
Gly424Arg Inhibiting kinase with severe splenium

activity

hypoplasia
White matter gliosis

*
Missense mutation, a change in DNA sequence that substitutes a different amino acid in the resulting protein (the substitution may have no effect,
or it may render the protein non-functional).

*ok

Nonsense mutation (or stop mutation): a change in DNA sequence that causes a protein to end its translation earlier than expected, resulting in a
dysfunctional protein.

Aok
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Neural phenotypes in group I p21-activated kinase (PAK)-knockout mouse models.
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Mouse models

Major findings of neural phenotypes

Reference

Pak3~~ (viable and fertile)

Normal brain development/normal spine and synaptic structure/normal basal
synaptic function/normal spatial memory/impaired late-phase hippocampal long-term
potentiation (LTP)/reduced CREB-Ser133 phosphorylation/unaltered LIM kinase and
cofilin activity

Meng et al. (2005)

Pak1~~ (viable and fertile)

Normal brain development/normal synaptic and spine structure but with deficits in
spinal actin filament/normal basal synaptic strength and presynaptic function/selective
deficits in CA1 LTP/unaltered LIM kinase and cofilin activity

Asrar et al. (2009)

Pak1~/~Pak3~/-[mice from
Meng et al. (2005) and Asrar
et al. (2009)]

Normal brain size and structure at birth/progressive defects in postnatal brain

growth (smaller brain)/thinner white matter tract/hyperactivity, increased anxiety, and
learning deficits/increased neural and glial cells (presumably due to decreased cortical
thickness)/normal neuronal polarity/reduced dendritic arborization and length/reduced
axonal growth/enhanced basal synaptic strength and impaired synaptic plasticity/
reduced synapse density and enlarged individual synapses/enhanced cofilin activity and
reduced F-actin

Huang et al.
(2011)

Pak1™~ (mice from Asrar et
al,, 2009)

Defects in neuronal migration and progenitor cell proliferation during embryonic and
early postnatal development (by postnatal day 7)

Pan et al. (2015)

Pak27-

Die at embryonic day 8.5 due to abnormal vascular formation

Kelly & Chernoff
(2012)

Pak2*/~ (viable and fertile)

Normal brain development/normal basal synaptic transmission/normal behaviour in
locomotor, anxiety, spatial memory, and acoustic startle response/display autism-related
behaviour/reduced density of spines and asymmetric synapse and impaired LTP/altered
LIM kinase and cofilin activity and reduced level of F-actin

Wang et al. (2018)

Pak3~'~ (mice from Meng et
al,, 2005)

Transiently delayed oligodendroglial proliferation, differentiation, and myelination
in restricted white matter tracts, for example corpus callosum /n vivalno effects

on oligodendroglial proliferation and migration /n vitro/reduced oligodendroglial
differentiation /n vitro

Maglorius
Renkilaraj et al.
(2017)

Abbreviations: CA1, hippocampal cornu ammonis; CREB, cAMP response element-binding protein; LIM kinase, Lin-11, Islet-1, and Mec-3

domain kinase.
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Small inhibitors for group | p21-activated kinases (PAKSs): potency, specificity, and known off-target kinases.

Small compounds

Group | PAK specificity and

Examples of off-target kinases

Reference

FRAX486
ATP-competitive
inhibitor

Greater potency for group | PAKs
and PAK4:

PAK1 ICg = 14 nM; PAK2 ICg
=33nM; PAK3 IC5q = 39 nM;;
PAK4 IC5y =575 nM

Off-target screening: not determined

Dolan et al. (2013)

G5555
ATP-competitive
inhibitor

Greater potency for group |
PAKs:

PAK1 Ki=3.7nM

PAK2 IC5 =11 nM

In additional to group | PAKSs, only 6 of 235 kinases tested
showed an inhibition of >70%:

SIK2 (ICsq = 9 nM); MAP4KS5 (1Cso = 10 nM); MST4
(IC50 = 20 nM); YSK1 (ICs5p = 34 nM); MST3 (ICsq = 43
nM); LCK (ICso = 52 nM)

Exhibit low inhibition against hERG channel activity
(<50% inhibition at 10 pM)

Ndubaku et al.
(2015); Rudolph et
al. (2016)

IPA3
Allosteric
inhibitor

Greater potency for group |
AKS:

PAK1 ICgy = 2.5 uM (at 10uM

PAK1 inhibition by >95%)

At 10 pM significantly inhibited (>50% inhibition) only 9
out of 214 kinases tested (4% of total), for example, SGK3,
PLK3, MAPK14

Deacon et al.
(2008); Viaud &
Peterson (2009)

NVS (Novartis)-
PAK1-1
Allosteric
inhibitor

Greater potency for PAK1 (ICg =
5 nM) than for PAK2

Screening against 442 kinases identified 22 off-target
kinases with 1Cso > 10 pM, for example, phosphodiesterase
4D (IC50 = 13 pM), pregnane X receptor (IC50 = 16 uM),
histamine receptor H1 (IC50 > 30 uM), muscarinic receptor
M1 (1C50 > 30 uM)

Karpov et al. (2015)

Peptide inhibitor
PAK1 AID (aa
83-149)

Inhibits group | PAKs

Also binding to fragile-X syndrome-related proteins FMR1
and FXR1; may interfere with FMR1/FXR1 function

Thullberg et al.
(2007); Say et al.
(2010); Chow et al.
(2018)

1C50, concentration of inhibitor needed to reach 50% inhibition; Ki, concentration of inhibitor required to reach 50% enzyme saturation.

Abbreviations: FMR1, fragile X mental retardation 1; FXR1, fragile X mental retardation syndrome-related protein 1; hERG, human Ether-
a-go-go-related gene; LCK, lymphocyte-specific protein tyrosine kinase; MAP4KS5, mitogen-activated protein kinase kinase kinase kinase 5;
MAPK14, mitogen-activated protein kinase 14; MST4, mammalian STE20-like protein kinase 4; PAK1 AID, PAK1 autoinhibitory domain; PLK3,
mammalian polo-like kinase 3; SGK3, serum/glucocorticoid regulated kinase family member 3; SIK2, salt inducible kinase 2; YSK1, yeast
Sps1/Ste20-related kinase 1.
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