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ARTICLE INFO ABSTRACT

Keywords: The p2l-activated kinases (PAKs) belong to serine/threonine kinases family, regulated by ~21 kDa small
p21-Activated kinases signaling G proteins RAC1 and CDC42. The mammalian PAK family comprises six members (PAK1-6) that are
E:g/ CDC42 classified into two groups (I and II) based on their domain architecture and regulatory mechanisms. PAKs are

implicated in a wide range of cellular functions. PAK1 has recently attracted increasing attention owing to its
involvement in oncogenesis, tumor progression, and metastasis as well as several life-limiting diseases and
pathological conditions. In Caenorhabditis elegans, PAK1 functions limit the lifespan under basal conditions by
inhibiting forkhead transcription factor DAF-16. Interestingly, PAK depletion extended longevity and attenuated
the onset of age-related phenotypes in a premature-aging mouse model and delayed senescence in mammalian
fibroblasts. These observations implicate PAKs as not only oncogenic but also aging kinases. Therefore, PAK-
targeting genetic and/or pharmacological interventions, particularly PAK1-targeting, could be a viable strat-
egy for developing cancer therapies with relatively no side effects and promoting healthy longevity. This review
describes PAK family proteins, their biological functions, and their role in regulating aging and longevity using
C. elegans. Moreover, we discuss the effect of small-molecule PAK1 inhibitors on the lifespan and healthspan of

Caenorhabditis elegans
DAF-16/FOXO
Longevity

C. elegans.

1. Introduction

p21l-activated kinases (PAKs) are members of a family of serine/
threonine protein kinases that are central to cellular regulation and
signal transduction (Hofmann, 2004; Kumar et al., 2006; Manser et al.,
1994). PAKs regulate a wide range of cellular functions, including
cytoskeletal actin assembly, neurite outgrowth, cell migration,
apoptosis, cell cycle, survival, gene transcription, hormone signaling,
and mitogen-activated protein kinase (MAPK) pathways (Bokoch, 2003;
D rijard, 1995; Rudel, 1997; Sells et al., 1999; Zhang et al., 1995). In
mammals, six PAK isoforms have been identified, and they are classified
into two groups, namely group I and group II, based on their domain
architecture and regulatory mechanisms. PAK1 (PAKa), PAK2 (PAKy),
and PAK3 (PAKp) are group I PAKs, and PAK4, PAK5, and PAK6 are
group II PAKs. Group I PAKs contain the CDC42/RAC interactive bind-
ing (CRIB) domain, whereas group II PAKs do not contain this domain
(Bokoch, 2003; Hofmann, 2004). All six PAK isoforms contain a highly
conserved C-terminal catalytic kinase domain and an N-terminal regu-
latory domain. The regulatory domain of group I PAKs contains an
autoinhibitory switch domain (AID) in addition to the CRIB domain;

however, group II PAKs do not contain a defined AID, specifying the
absence of an identical regulatory mechanism. PAKs are activated by
small GTPases known as Ras-related C3 botulinum toxin substrate 1
(RAC1) and cell division control protein 42 (CDC42) that are important
mediators of Rho GTPase signaling; group I PAKs are activated by
binding of RAC1 and CDC42, whereas group II PAKs are activated in-
dependent of Rho GTPases. Upon GTPase binding, PAK4 and PAK6 show
no increase in kinase activity; however, whether the kinase activity of
full-length PAKS is regulated by active RAC1/CDC42 remains to be
explored. Indeed, when compared to the full-length protein, the kinase
domains of group II PAKs are reportedly more active in isolation. Taken
together, these findings indicate that the kinase activity of group Il PAKs
is regulated through an intramolecular switch that is entirely different
from the mode of activation of group I PAKs (Bokoch, 2003; Dummler
et al., 2009; Hofmann, 2004; Kumar et al., 2006). Nevertheless, the
complete regulatory mechanisms of group II PAKs remain to be fully
understood.

The precise functions of group I and group II PAKs have been studied
using loss-of-function and knockout mice models (Hofmann, 2004). The
deletion of pak2 or pak4 results in early embryonic lethality, whereas
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Fig. 1. Structural organization of group I and group II PAK domains.

pakl, pak3, and pak5 null mutants are healthy, viable and fertile, indi-
cating functional non-complementarity between group-I and -II PAKs.
The embryonic lethality observed in the pak2 and pak4 null mutants is
mainly due to fetal cardiac defects, abnormalities in axonal outgrowth,
and abnormal neuronal development (Qu et al., 2003). Though pak3
mutants are healthy, they exhibit learning and memory deficits (Hof-
mann, 2004). PAKs are expressed in several tissue types; PAK1, PAK3,
and PAKS5 are expressed in the brain, while PAK2 is expressed ubiqui-
tously. High PAK4 and PAK6 expression has been observed in the testes,

prostate, and large intestine (Hofmann, 2004). Apart from their indis-
pensable role in vital cellular functions, PAKs are implicated in the
progression of aging and age-related diseases. The dysregulated
expression of PAKs is often associated with several types of cancer in
humans. In particular, PAK1 and PAK4 genes are frequently upregulated
in cancer, and their expression level is regulated by several intracellular
signal transduction mechanisms (Kumar and Li, 2016; Radu et al., 2014;
Rane and Minden, 2019). Among others, PAK1 has recently attracted
increasing attention owing to its involvement in oncogenesis and the
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aging process. In C. elegans, PAK1 functions limit the lifespan under
basal conditions by inhibiting the expression of daf-16 and its direct
transcriptional readout hsp-16.2. The inhibition of pak-1 extends the
lifespan of C. elegans up to 60 % when compared to its wild-type coun-
terparts (Yanase et al., 2013). In the mammalian model, deletion of pak1
reduced the average tumor size, protected against the development of
sensorineural hearing loss, and extended the lifespan of the genetically
engineered mouse model of neurofibromatosis 2 (Hawley et al., 2021).
Interestingly, it was found that PAK2 promotes cellular senescence and
organismal aging (Lee et al., 2019b). pak2 depletion delayed oxidative
stress-induced senescence in mouse embryonic fibroblasts (IMR90) and
oncogene-induced senescence in human fibroblasts, while over-
expression of pak2 accelerated the senescence phenotype in IMR90 cells.
Moreover, pak2 depletion prolongs the lifespan and delays the onset of
age-associated phenotypes in the BubR1 hypomorphic (BubR1H/H)
premature aging (progeria) mouse model. In addition, pak2 deficiency
increased the body fat mass and delayed cataract formation in progeroid
mice (Lee et al., 2019b). In primary fibroblasts, activation of pak4 pro-
motes premature senescence, and it appears to be mediated by the ERK
pathway (Cammarano et al., 2005). These observations suggest that
PAK1 and PAK2 regulate the expression of several gerontogenes and
thereby accelerate the aging process in C. elegans and mammals. The
activity and expression rate of PAKs are also dysregulated in age-related
neurodegenerative diseases (NDDs), including Alzheimer’s disease
(AD), Parkinson’s disease (PD), and Huntington’s disease (HD). Both
gain and loss of PAK activity have been detected in NDD mouse models
and postmortem brains of patients with NDDs (Civiero et al., 2015;
Civiero and Greggio, 2018; Kim et al., 2016b; Luo et al., 2008; Luo and
Rubinsztein, 2009; Ma et al., 2013; Zhao et al., 2006), suggesting the
involvement of PAKs in maintaining brain homeostasis and aging.

This review describes PAK family proteins, their biological functions,
and their role in regulating aging and longevity. We have used the

multifaceted Caenorhabditis elegans, a premier animal model in aging
research, to provide an in-depth understanding of the roles of PAKs and
suggestions for future research.

2. p21-Activated kinases (PAKs)
2.1. PAK’s structural domains and activation mechanisms

From a structural point of view, all PAKs contain a p21-binding
domain (PBD) at the amino-terminus for the GTPase association (also
known as CRIB), an AID, and a kinase domain at the carboxyl-terminus
(Fig. 1A). Group-I and -II PAKs have a highly conserved carboxyl-
terminus serine/threonine kinase domain with a single phosphoryla-
tion site, and their regulatory regions (PBD and AID) are structurally
distinct, specifying the absence of an identical regulatory mechanism.
Among all PAKs, PAK1 is the most studied member, which comprises a
total of 545 residues, including regulatory domain (PBD: residues
75-105; AID: residues 70-149) and kinase domain (residues 272-523)
(Fig. 1A). Several endogenous activators and inhibitors (endogenous or
small molecule) directly regulates the activity of PAKs (Fig. 1B) and are
discussed in Section 2.4. The activation mechanism of PAK family
members has been discussed extensively in several previous articles
(Eswaran et al., 2008; Kumar et al., 2017; Radu et al., 2014; Rane and
Minden, 2014; Yao et al., 2020); therefore, we have briefly summarized
the mechanism of PAK activation here. Group I PAKs are regulated
through a trans autoinhibition mechanism (Eswaran et al., 2008; Lei
et al., 2000). The amino-terminus PBD overlaps with an AID, and the
activity of group I PAKs (i.e., PAK1; Fig. 2A) are modified through a
reciprocal autoinhibitory mechanism; wherein two PAK molecules fold
into an inactive homodimer. During folding, the PBD-AID complex binds
to the kinase domain of another PAK monomer, occupies the cleft of the
kinase domain, and stabilizes inactive catalytic sites. Upon binding of
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Fig. 4. PAKs in age-related diseases and disorders. AD, Alzheimer’s disease; HD, Huntington’s disease; NDD, neurodegenerative diseases; PD, Parkinson’s disease;

TSC, tuberous sclerosis complex.

the Rho GTPases, including CDC42 and Racl, to the PBD and binding of
phosphoinositide to an amino acid rich proximal segment disrupts the
dimer that leads to dissociation of the AID from the kinase domain,
induce conformational changes, and stimulates kinase activity (Lei et al.,
2000). As a result, each PAK monomer undergoes autophosphorylation
and becomes competent to phosphorylate their substrates. After binding
to a substrate, PAKs can autophosphorylate at several sites, which could
stabilize this catalytically active state and prevent the kinase from
returning to an inactive conformation (Buchwald et al., 2001). The
autophosphorylation residue of PAK1 (T423), PAK2 (T402), and PAK3
(T421) is found in the activation loop of the kinase domain and was
known to act as a key determinant of PAK activation by RAC1/CDC42
GTPases or other GTPase-independent mechanisms (Zenke et al., 1999).
The additional mechanisms reportedly regulate PAK activity are trans-
phosphorylation by other kinases and the binding of SRC-homology 3
(SH3) domain-containing proteins, phospholipids, sphingosine, and f
isoform of PAK-interactive exchange factor (8-PIX) (Bokoch et al., 1998;
Buchwald et al., 2001; Lei et al., 2000).

By contrast, the activation mechanisms of group II PAKs are entirely
different. At the N-terminus, group II PAKs contain the PBD followed by
an AID-like pseudosubstrate sequence, in contrast to the group I, which
inactivates the kinase domain in cis until CDC42-binds to PBD (Fig. 2B).
As seen in Fig. 2C, an alternative model indicates that group II PAKs are
inhibited by a pseudosubstrate domain located within the regulatory
domain at the N-terminus. In this model, the binding of the SH3 motif-
containing protein to the pseudosubstrate domain triggers the release of
catalytic domain and stimulates the kinase activity of PAK (Ha et al.,
2012). The autophosphorylation residue of PAK4 (S474), PAK5 (S602),
and PAK6 (S560) is located within the activation loop of group II PAKs
and play an essential role in regulating the functions and activity of
these kinases (Fig. 1A). Similar to the model proposed for PAK4 acti-
vation, it is assumed that PAK5 and PAK6 follow the model; however,

the exact mechanisms by which group II PAKs are activated rather
unclear.

2.2. PAKs as multifunctional signal transducers

PAKs transmit signals from integrin cell-adhesion complexes, G-
protein coupled receptors (GPCRs), bioactive lipids, and growth factor
receptors to various signaling cascades that control dynamic physio-
logical functions (Fig. 3). Among the PAK family members, PAK1 and
PAK4 are key modulators of cytoskeletal reorganization through
mutually operated overlapping signaling cascades. PAK1 regulates
cytoskeletal reorganization through several reported substrates,
including cofilin, filamin, and actin-related protein 2/3 complex41 kDa
subunit (p41-ARC). Moreover, PAK1 induces membrane ruffle forma-
tion, filopodia, and lamellipodia through LIM domain kinase (LIMK) and
mixed lineage kinase (MLK), thus directing cell motility during devel-
opment (Arias-Romero and Chernoff, 2008; Bokoch, 2003). Addition-
ally, PAK1 regulates, via phosphorylation, the chromatin interaction of
integrin-linked kinase and its nucleo-cytoplasmic shuttling that is
involved in cytoskeletal reorganization, adhesion-dependent signaling,
cell motility, and tumor development (Bokoch, 2003; Lardennois et al.,
2019). PAK4 regulates actin depolarization through cofilin family pro-
teins, including LIMK, slingshot phosphatase, scaffolding 14-3-3 protein,
and actin. In addition, PAK4-mediated phosphorylation of LIMK and
slingshot phosphatase reciprocally controls the actin dynamics by
inhibiting and stimulating their activity, respectively. PAK4 and PAK5
also control cytoskeletal alterations essential for promoting neurite
outgrowth in the adrenergic cell line N1E-115 derived from mouse
neuroblastoma, possibly by inhibiting the action of RAC1/CDC42
GTPases (Dan et al., 2002). Although RAC1 and CDC42 are known to be
the most predominant upstream PAK regulators, accumulating evidence
indicates the involvement of Rho guanine nucleotide exchange factors
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(RhoGEFs) in PAK activation, at least in cytoskeletal remodeling. PAK1
phosphorylates neuroepithelial cell-transforming gene 1 protein and
guanine nucleotide exchange factor H1 to suppress their activity; this
subsequently downregulates stress fiber formation and RAC-, CDC42-,
and Rho-mediated signaling, respectively (Bokoch, 2003; Hofmann,
2004). The o and p isoforms of PAK-interactive exchange factor (PIX) are
well-established PAK1-interacting partners that regulate several cellular
functions; in particular, a-PIX functions in association with PAK3 in
synapse formation, dendritic spine morphogenesis and plasticity,
memory, and epithelial wound healing (Zegers, 2003; Zhang, 2005).

In addition, most PAK family proteins regulate cell death, a dynamic
process that suppresses tumor development through several mecha-
nisms. Except PAK3 and PAK6, all PAKs promote the survival of cells
through phosphorylation-induced inactivation of BCL2-associated
agonist of cell death (BAD) (Dummler et al., 2009; Kumar et al., 2006;
Radu et al., 2014). BAD is a pro-apoptotic member of the B-cell lym-
phoma 2 (Bcl-2) family and is directly involved in initiating apoptosis.
PAK1 phosphorylates Raf-1 at Ser-338 and Ser-339, resulting in its
translocation to the mitochondria where Raf-1 phosphorylates BAD at
Ser-112. In general, Raf-1 prevents cell apoptosis by translocating to the
mitochondria, where it binds to Bcl-2 and replaces BAD independent of
ERK and MEK signaling. Upon phosphorylation by PAK1, the trans-
located Raf-1 initiates an interaction with BAD, disrupting the
BAD-Bcl-xL and BAD-Bcl-2 interactions in the mitochondria (Jin et al.,
2005). Among group II PAKs, PAK4 and PAK5 control apoptosis by
phosphorylating BAD specifically at Ser-112, resulting in the decreased
release of cytochrome c, a pivotal event in caspase-dependent apoptotic
cell death. Furthermore, PAK4 promotes cell survival by antagonizing
the activation of initiator caspase 8 in response to ultraviolet irradiation
and tumor necrosis factor o (Gnesutta and Minden, 2003). In contrast to
its anti-apoptotic role, PAK4 mediates premature senescence. PAK4
expression is upregulated by several stimuli that are known to promote
cellular senescence, and loss of pak4 leads to a decrease in senescence
and an increase in cell growth. Premature senescence in response to
PAK4 is mediated by ERK-MAPK and cell cycle regulatory proteins,
including p16™¥*2, p192RF, p53, and p21°" (Cammarano et al., 2005).
PAK1 is the most studied PAK till date, and has recently attracted
increasing attention, mainly because it is not only involved in onco-
genesis, tumor progression, and metastasis, but also in several
life-limiting diseases and pathological conditions.

2.3. PAKs in age-related diseases

Aging is an unavoidable natural phenomenon characterized by a
gradual functional decline at the molecular to organismal levels. Several
molecular and cellular declines, including cellular senescence, telomere
erosion, genomic instability, epigenetic alterations, mitochondrial
dysfunction, stem cell exhaustion, decreased intracellular communica-
tions, and loss of protein homeostasis, have been identified to cause
aging. These deteriorations are the primary risk factors for several
human ailments, including cancer, cardiovascular diseases, arthritis,
diabetes, and NDDs (Lopez-Otin et al., 2013). Accumulating evidence
indicates the involvement of PAK family proteins in age-related diseases
(Fig. 4). However, these kinases are most frequently associated with
several cancer types. Although PAKs are not often mutated in cancers,
their dysregulated expression, particularly overexpression, is associated
with cancerous phenotypes in humans. PAK1 and PAK4 are frequently
upregulated in cancer, and their expression levels are regulated by
several signaling mechanisms. In cancer, PAK1 and PAK4 have been
associated with uncontrolled cell proliferation, invasion, increased
metastasis, immune regulation, altered intracellular signaling, and drug
resistance. At present, PAK-related therapy seems to be a self-evident
treatment option for cancer, as PAKs contribute to the onset, progres-
sion, and persistence of the disease. Notably, there are several published
reports on PAKs and their role in cancer (Eswaran et al., 2008; He and
Maruta, 2013; Kumar et al., 2017, 2006; Radu et al., 2014; Rane and
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Minden, 2019; Yao et al., 2020). In addition to its critical role in onco-
genesis, PAK impairment has been implicated in cardiovascular diseases
(Taglieri et al., 2014; Wang et al., 2018b), atherosclerosis (Singh et al.,
2015), immune function and infectious diseases (John Von Freyend
et al., 2017; Maruta, 2013; Pacheco and Chernoff, 2010), inflammatory
diseases (Taglieri et al., 2014), neuronal physiology and brain function
(Civiero and Greggio, 2018; Kreis and Barnier, 2009), wound healing
(Zegers, 2008), and brain diseases and disorders, including mental
retardation, autism, schizophrenia, depression, epilepsy, glioma, reti-
noblastoma, neurofibromatosis, and tuberous sclerosis (Maruta and
Messerli, 2013). Recently, a new role of PAK1 in the maintenance of
cardiac function and adipose tissue homeostasis in aged mice was re-
ported (Batra et al., 2021). Wild-type female mice exhibited increased
cardiac PAK1 expression, preserved systole and diastole parameters, an
enlarged left atrium, and thickening of the posterior wall during the
aging process compared to young females. In contrast, global deletion of
PAK1 (PAK1™/7) leads to atrial enlargement, cardiac hypertrophy,
diastolic dysfunction, and increased adiposity as they grow to middle
age. Another study demonstrated the novel role of PAK1 in counter-
acting stress-induced cardiac hypertrophy (Liu et al., 2011b). These
results support the importance of PAKI signaling in the regulation of
cardiac function and adipose tissue homeostasis during aging.

Aging is the leading risk factor for the onset and development of most
NDDs. Several genetic factors are involved in the regulation of aging and
age-associated NDDs. Deregulated PAK activity has been observed in
multiple brain disorders (Civiero and Greggio, 2018). Compelling evi-
dence indicates the involvement of PAK family proteins in age-related
NDDs, including AD (Krivinko et al., 2017; Ma et al., 2008; Zhao
et al., 2006), PD (Civiero et al., 2015; Kim et al., 2016b; Won et al.,
2016), and HD (Luo et al., 2008; Luo and Rubinsztein, 2009). Both gain
and loss of PAK activity have been detected in NDD mouse models and
postmortem brains of patients with NDDs, suggesting the involvement of
PAKs in maintaining brain homeostasis (Civiero et al., 2015; Civiero and
Greggio, 2018; Kim et al., 2016b; Luo et al., 2008; Luo and Rubinsztein,
2009; Ma et al., 2013; Zhao et al., 2006). This is not surprising consid-
ering the involvement of PAKs in several signal transduction pathways
that regulate brain physiology and their high expression levels in the
central nervous system (CNS) (Civiero and Greggio, 2018; Ma et al.,
2013; Zhao et al., 2006). A missense mutation in PAK3 is linked to severe
X-linked nonspecific mental retardation. The first evidence of altered
PAK activity and their expression levels in NDDs was reported in a study
on the postmortem hippocampus and temporal cortex tissues from the
brains of patients with AD (Zhao et al., 2006). AD is an incurable and
progressive neurodegenerative disorder characterized by the over-
production and deposition of extracellular plaques composed of
amyloid-p peptides (Ap) and insoluble aggregates of hyper-
phosphorylated microtubule-binding tau protein known as neurofibril-
lary tangles. AD is the leading cause of dementia in the elderly
worldwide. In 2006, Zhao et al. reported the reduced activity of PAK1
and PAKS3, redistributed and reduced phosphor-PAKs, and changes in
cofilin and drebrin content in the hippocampus of patients with AD
postmortem and higher Af-producing APPswe AD-mouse model.
Moreover, pharmacological inhibition of PAK causes similar memory
impairment, drebrin loss, and cofilin pathology in adult mice (Zhao
et al., 2006). The same group demonstrated that PAK1 is aberrantly
activated and translocated from the cytosol to the membrane in the
brains of AD transgenic mice and patients with AD. In addition, A4z
oligomer-treated cultured hippocampal neurons exhibited similar ef-
fects, accompanied by reduced dendrites that were protected by
kinase-active PAK1. Notably, anti-Ap antibody and curcumin ameliorate
aberrant translocation of PAKs (PAK1-3) in A4z oligomer-treated
cultured hippocampal neurons and aged transgenic mice (TgI2576)
with AD pathology by targeting upstream factors, such as Src family Fyn
kinase, phosphatidylinositol-3 kinase (PI3K), T-cell lymphoma invasion
and metastasis 1 (Tiaml), calcium/calmodulin-dependent protein ki-
nase II (CaMKII), and Rac (Ma et al.,, 2008). In addition, PAK
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inactivation increased the phosphorylation ratio of tau protein,
enhanced dendritic spine defects, impaired social behavior, and aggra-
vated anxious behavior; however, it had no effect on A4y and Afso
levels in a heterozygous triple-transgenic mouse model of AD (Bories
et al., 2017). Furthermore, dominant-negative PAK mutations cause
spinal defects and memory impairment in the AD mouse model. Several
studies support the notion that dysfunction of PAK activity and its
expression rate are involved in the pathological events of AD (Bories
et al., 2017; Civiero and Greggio, 2018; Ma et al., 2013, 2008). In
contrast, increased phosphorylation rate of PAKs, specifically group 1
PAKs, was observed in the brain tissue samples of APPswe/PSEN1dE9
transgenic mice, suggesting that pharmacological inhibition of group I
PAKs is a possible therapeutic approach in AD (Krivinko et al., 2017).

The activity and expression rate of PAKs are also dysregulated in PD
(MIM 168600), the second most common devastating neurological
condition in the elderly after AD. Neuronal loss in the pars compacta of
the substantia nigra and typical aggregation of intracytoplasmic in-
clusions (Lewy bodies), mainly comprising o-synuclein, in the brain
tissues are the two pathological hallmarks of PD. The loss of dopami-
nergic (DAergic) neurotransmission induces severe motor dysfunction
(postural instability, resting tremors, muscle rigidity, and bradykinesia)
and behavioral and cognitive disorders, including anxiety, depression,
dementia, and insomnia. Recently, Kim et al. discovered the role of
PAK1 and the molecular mechanism of neuronal death involved in PD
pathogenesis (Kim et al., 2016b). The authors proposed that the
expression of a dominant-negative PAK1 mutation decreased the cell
viability to 35 %, enhanced apoptotic cell death, and increased cell
vulnerability to oxidative stressors, such as 6-hydroxydopamine
(6-OHDA) and hydrogen peroxide (H202), thus confirming the role of
PAK1 in apoptosis regulation. Inactivation of PAK1 reduced the Bcl-2
level, which is directly mediated by PAK1 and/or PAK1/ERK
signaling. Conversely, the expression of the PAK1 active form (PAK1-CA,
PAK1"42%F) recovered the 6-OHDA-induced behavioral deficits in hem-
iparkinsonian Sprague-Dawley rats as well as DAergic neuro-
degeneration in the substantia nigra (Kim et al., 2016b). The same group
recently reported the key role of PAK4 in DAergic neuronal survival. The
authors found, through immunohistochemical and western blot ana-
lyses, that PAK4 activity was markedly decreased in the brain of rodent
models of PD as well as in patients with PD. They further demonstrated
that the mutant form of constitutively active PAK4 (PAK4S445N/ S47‘"‘:)
significantly reduced motor dysfunction and protected DAergic neurons
in both a-synuclein- and 6-OHDA-induced rat models of PD. This pro-
tective effect of the PAK4 active form was mediated by the phosphory-
lation of CREB (cyclic adenosine 3,5-monophosphate response
element-binding protein)-regulated transcription coactivator 1
(CRCTC1) at SER215 (Won et al., 2016), suggesting a new avenue for
developing novel therapeutic interventions for PD. Civiero et al. further
reported that the interaction between PAK6 and leucine-rich repeat ki-
nase 2 (LRRK2) controls neurite complexity in the mammalian brain;
PAKG6 positively regulates neurite outgrowth via LRRK2. In addition,
PAK6 overexpression was observed in postmortem brain tissues from
idiopathic and LRRK2 G2019S carriers, while LRRK2 mutation reduced
PAK®6 expression and phosphorylation of PAK6 substrates (Civiero et al.,
2015).

Dysregulated PAK activity has also been observed in HD, an auto-
somal dominant inherited NDD caused by abnormal expansion of CAG
trinucleotide into exon 1 of the Huntington gene (HTT) that encodes a
ubiquitously expressed protein whose functions are still a matter of
debate. The mutant Huntington protein (mHTT) has an expanded pol-
yglutamine tract (polyQ) at the N-terminus that causes protein aggre-
gation and subsequent proteotoxicity, leading to progressive alterations
in motor, psychiatric, and cognitive functions. However, the exact
mechanism of cellular toxicity induced by polyQ repeats remains un-
clear. A team of investigators from the Cambridge Institute for Medical
Research, UK, explored the interaction of wild-type HTT with PAK1 and
PAK2 isoforms from a pathological and physiological perspective (Luo
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et al., 2008; Luo and Rubinsztein, 2009). PAK1 binds and colocalizes
with mHTT aggregates in cultured striatal and cortical neurons, SK-N-SH
neuroblastoma cells, and brain tissues from patients with HD. Moreover,
PAK1 overexpression enhanced mHTT aggregation and HTT
self-interaction. The authors showed that PAK1 overexpression further
enhanced HTT toxicity in cell models and neurons, while its knockdown
suppressed mHTT-induced cellular toxicity, aggregate formation, and
cell death (Luo et al., 2008). Thus, pharmacological interventions that
target PAK1 activation might suppress HTT aggregation and its associ-
ated pathologies, although in-depth investigations are essential to shed
more light on the therapeutic potential and molecular mechanism of
PAK1 in HD. Interestingly, wild-type HTT interacts with PAK2, and its
overexpression inhibits caspase-3- and caspase-8-mediated cleavage of
PAK2, thus promoting cell survival (Luo and Rubinsztein, 2009).

Collectively, PAK family proteins are highly expressed in the
mammalian brain, indicating their importance in preserving CNS ho-
meostasis. Biochemical, behavioral, and mechanistic evidence high-
lights the contribution of altered PAK activity and expression levels to
the pathogenesis of age-related NDDs, indicating that these PAK proteins
are targets for genetic and/or pharmacological interventions. Never-
theless, future studies are needed to investigate whether activation or
inhibition of PAKs is a valuable solution to delay or halt the onset and
progression of these NDDs.

2.4. Targeting PAKs—In search of a happy ending

The rationale for targeting specific PAK family proteins to treat
diseases has been established considering their regulatory roles as mo-
lecular switches in multiple signaling pathways in health and disease.
Therefore, the development of efficacious genetic and/or pharmaco-
logical inhibitors that suppress the aberrant activities of PAKs might be
an effective strategy for treating PAK-associated pathological condi-
tions. Protein kinases are attractive drug targets, and approximately 30
US FDA-approved small molecule kinase inhibitors are readily available
in the market. Most PAK blockers are either ATP-competitive or allo-
steric inhibitors. ATP-competitive inhibitors bind to the active pocket of
the kinase, whereas allosteric inhibitors bind to an allosteric pocket
adjacent to the ATP-binding site (Wu et al., 2015). This section sum-
marizes a few selective PAK blockers that have promising therapeutic
applications against PAK-related diseases, including aging and
age-associated diseases.

2.4.1. Group I PAK inhibitors

Among the group I PAK family members, PAK1 has emerged as a
potential therapeutic target because of its involvement in many onco-
genic signaling pathways and pathogenic conditions (Kumar et al.,
2006; Radu et al., 2014). Considering the wide-spectrum biological role
of PAK1, the last two decades have seen significant efforts by academic,
industrial, and pharmaceutical research groups in the identification and
development of natural/synthetic PAK1 blockers. The size and shape of
the ATP-binding pocket in the kinase domain of PAK1 completely differ
from those of other PAK proteins, thus making it a unique target for
structure-based pharmacological inhibitors. Several approaches for
designing PAK1 blockers have been demonstrated, and some fine-design
ATP competitive blockers have been successfully identified. In 2008,
Deacon et al. conducted high-throughput screening to identify allosteric
(non-ATP-like, uncompetitive) PAK1 inhibitors, considering the
conserved nature of the PAK1 catalytic pocket. They screened 33,000
structurally diverse small molecular weight compounds using full-length
PAK1 protein activated in vitro with GTP-bound CDC42, and identified 2,
20-dihydroxy-1,10-dinaphthyldisulfide (IPA-3), an ATP
non-competitive small-molecule inhibitor that selectively stabilizes the
autoinhibitory conformation of PAK1 (Deacon et al., 2008). Despite
being quite specific towards group I PAKs, IPA-3 is no longer useful as a
therapeutic inhibitor owing to its unstable nature. Similarly,
small-molecule pyridopyrimidinone compounds, FRAX486, FRAX597,
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Table 1
Known endogenous inhibitors of group I and group II PAKs.
Endogenous inhibitor =~ PAK Mechanism Reference
isoform
inhibited
Cell division cycle 2 PAK2 Phosphorylates PAK2 and (Delsert
(CDC2) inhibits its kinase activity et al., 2000)
C-terminal kinase PAK1 p110C binds with regulatory ~ (Chen et al.,

domain of the
PITSLRE proteins

and kinase domain in PAK1, 2003)
thereby inhibiting its

(p110C) functions
Cysteine-rich PAK1 CRIPak inhibits PAK1 by (Talukder
inhibitor of Pakl interacting with the N- et al., 2006)
(CRIPak) terminal regulatory domain
of PAK1. CRIPak inhibits
PAK1-mediated LIM kinase
activation and enhanced
estrogen receptor
transactivation
Human PAK- PAK1 hPIP1 interaction abolishes (Xia et al.,
interacting protein the RAC1/CDC42- 2001)
1 (hPIP1) stimulated kinase activity
through the N-terminal
regulatory domains of PAK1
LKB1 PAK1 Inhibits PAK1 activation via (Deguchi
Thr109 phosphorylation et al., 2010)
Merlin/ PAK1 Merlin binds to the PAK1 (Kissil et al.,

neurofibromin 2 p21-binding domain (PBD) 2003)
(NF2) and inhibits its recruitment

to focal adhesions

Inhibits PAK1 through (Yao et al.,
translational regulation, 2020)
RAC1/CDC42 suppression,

and other mechanisms

Micro RNAs (miR-7, PAK1
miR-34b, miR-96,
miR-140-5p, miR-
145, miR-485-5p,
miR-494, miR-15b,
miR29a-3p,
miR142-3p, miR-
142-3p, miR4715-
5p, miR-130b,
miR-146a, miR-
194-3p, miR-302-
367, and miR-331-

3p)

Nischarin PAK1, The amino terminus of (Alahari
PAK4, nischarin binds to the et al., 2004)
and PAK5 carboxy-terminal domain of

PAKSs and inhibits their
activity

Nudt21 PAK1 It inhibits PAK1 expression (Chu et al.,
through its 3'-UTR 2019)
alternative polyadenylation

p35/CDKS5 (Cyclin- PAK1 Active p35/Cdk5 inhibits (Nikolic

dependent kinase PAK1 activity by et al., 1998)
5) hyperphosphorylating PAK1
in an RAC-dependent
manner
PAK18 PAK1 PAK18 blocks PIX-PAK1 (Obermeier,
interaction and RAS/RAC- 1998)
induced membrane ruffling
of fibroblasts
PP2C-like PAK1 POPX1 and POPX2 interact (Koh et al.,
phosphatases, with PIX, dephosphorylate 2002)
POPX1 and POPX1 PAK, and downregulate the
(Partner of PIX1 kinase
and PIX2)
TAT-/WR-PAK18 PAK1 Blocks RAS/RAC-induced (He et al,,

membrane ruffling and Ras- 2001)
induced tumor development

and FRAX1036, were developed by Afraxis Inc., (La Jolla, CA) using
high-throughput screening. FRAX597 strongly inhibits group I PAKs and
was shown to have in vitro and in vivo anticancer activity in neurofi-
bromatosis type 2 (NF2)-deficient cells, suggesting that inhibition of
group I PAKs may be promising for neurofibromatosis treatment
considering their indispensable roles in NF1 and NF2. FRAX486 and
FRAX1036 showed strong anti-proliferative activity and inhibited the
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growth of peripheral never-sheath tumors and oncogenic RAC1 mutant
melanoma cells. In addition, FRAX486 has had excellent pharmacoki-
netic properties as it crosses the blood-brain barrier, and single
administration of FRAX486 (20 mg/kg) rescued the fragile X mental
retardation 1 (Fmrl) gene knockdown-induced brain-related pathol-
ogies in adult mice (Dolan et al., 2013; Licciulli et al., 2013). Porchia
et al. developed the PDK1 inhibitor OSU-03012, a derivative of the
cyclooxygenase inhibitor celecoxib, that binds to the PAK1 ATP-binding
site. Later, OSU-03012, at low concentrations, was shown to directly
inhibit PAK1 phosphorylation in multiple cell lines (Porchia et al.,
2007). Recently, OSU-03012 has been shown to inhibit the replication of
SARS-CoV-2 by suppressing glucose regulating protein 78 (GRP78), an
essential chaperone required for the attachment, entry, and life cycle of
most mammalian viruses (Rayner et al., 2020). In 2008, Maksimoska
et al. reported that a combination of structure-based design,
small-molecule screening, and organoruthenium chemistry to develop
specific and more potent PAK1 inhibitors led to the identification of a
tetrahedral and octahedral ruthenium compounds DW12 and FL172,
respectively. Both compounds showed significant PAK1 inhibition po-
tency at nanomolar concentrations (Maksimoska et al., 2008).

Studies have revealed that certain endogenous proteins and micro-
RNAs (miRNAs) can affect the activity of PAK1 (Kumar et al., 2006). In
medical oncology, the regulation of target genes by miRNAs has become
a research hotspot. Transcriptional regulation of PAK1 is largely
controlled by miRNAs that directly or indirectly suppress PAK1 trans-
lation by recognizing PAK1 mRNA and guiding the RNA-induced
silencing complex to degrade it. Studies have found that miR-7,
miR-34b, miR-96, miR-140-5p, miR-145, miR-485-5p, and miR-494
can block PAK1 activity by directly degrading PAK1 mRNA (Yao
etal., 2020). Several miRNAs targeting Rho GTPases RAC1 (miR-142-3p
and miR4715-5p) and CDC42 (miR-15b, miR29a-3p, and miR142-3p)
inhibit the activity of PAK1. Several other tumor-suppressing miRNAs,
including miR-130b, miR-146a, miR-194-3p, miR-302-367, and
miR-331-3p, have been shown to inhibit PAK1 through several mecha-
nisms (Yao et al., 2020). Multiple endogenous proteins, other than RAC1
and CDC42, can also regulate PAK1 activity through phosphorylation;
MLK 3 triggers the kinase activity of PAK1 via phosphorylation of Ser133
and Ser204, LKB1 directly suppresses PAK1 through phosphorylation of
Thel09, and bFGF, CK2, cytoplasmic p27, HER2, Janus kinase 2 (JAK2),
and PDK1 affect PAK1 activity via phosphorylation (Kumar et al., 2006).
The protein—protein interaction network can also regulate PAK1 activ-
ity; in particular, CKIP-1, NCK1, PI3K, protein kinase (PKC) iota,
P-REX1, and RIT1 activate PAK1 by regulating RAC1/CDC42. Addi-
tionally, a number of endogenous upstream regulators, such as BCAR3,
BRAF, ELP3, ELP3, estrogen, Etk/Bmx, HLX, JMJD6, LINC00460,
IncRNA MALATI, IncRNA-H19, Netl, and STIL can trigger PAK1 acti-
vation. These proteins can regulate PAK1 mainly via acetylation, phos-
phorylation, protein-protein interactions, and transcriptional regulation
(Yao et al., 2020). Table 1 summarizes the known endogenous inhibitors
of group I and group II PAKs.

Natural products and bioactive phytomolecules are less toxic and
possess better anticancer activity than conventional synthetic chemo-
preventive and chemotherapeutic agents. To reduce the toxic effects of
synthetic drugs, scientists are looking for alternative and potentially
useful natural products to treat PAK-related diseases. Frondoside A (a
sulfated saponin extracted from the orange-footed sea cucumber Cucu-
maria frondosa Gunnerus), Okinawa propolis (the resinous substance
from honeycombs found in Okinawa, Japan), and nymphaeols A and C
(geranylated flavonoids found in Okinawa propolis) inhibited PAK1-
dependent growth of A549 lung cancer cells with ICs¢ values of 2.5
pM, 10 pg/mL, 4 pM, and 7 pM, respectively, suggesting that these
natural products could block PAK1 (Nguyen et al., 2017b; Taira et al.,
2016). In addition, frondoside A directly inhibited PAK1, LIMK, and AKT
in vitro at micromolar concentrations and blocked the growth of
pancreatic cancer cells and A549 cells (Nguyen et al., 2017b). Moreover,
other propolis ingredients, such as flavonoid apigenin, artepillin C,
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Table 2
Natural and synthetic PAK-inhibiting small-molecules.

caffeic acid, and caffeic acid phenethyl ester (CAPE; a natural ester of
caffeic acid), blocked PAK1 in vitro; however, the biological mechanism
underlying the PAK inhibitory potential of these phytochemicals has not

Natural/synthetic inhibitor PAK Mechanism Reference

yet been fully described. It is interesting to note that Takahashi et al. isoform
successfully developed highly cell-permeable 1,2,3-triazolyl esters of inhibited
caffeic acid and artepillin C using “click chemistry” approach wherein a 1,2,3-Triazolyl ester of PAK1 Anticancer and (Takahashi et al.,
1,2,3-triazole ring could be coupled to a COOH group in the presence of artepillin C (15A) and anti-PAK1 2017)
a copper catalyzer to form a water-soluble ester (Takahashi et al., 2017). . ;a;f?? ac‘;j 1(150 . PAKL ;ig’“é’ox o and (Henmis et a
. 11s . . ,2,3-Triazolyl ester of " -2, an ennig et al.,
.Suc.h .1,2,3—tr1azolyl esters of artepillin C (15A) and caffeic acid (15C) Ketorolac (15 K) PAK1 blocker. 2019; Nguyen
inhibited the growth of A549 cancer cells more potently (30-fold and Exhibits strong et al,, 2017a)
140-fold, respectively) than their parent compound, with ICso values of anticancer
approximately 250 nM and 225 nM, respectively. Moreover, this este- activity
rization process boosts the cell permeability of 15A and 15C up to 8-fold 1A-116 PAK1 Inhibits RACI (2%‘])%31“ etal,
and 70-fold, respectively, compared to that of artepillin C and caffeic 2,20-Dihydroxy-1,1'- Group I IPA-3 inhibits (Deacon et al.,
acid. A few other well-established anticancer molecules, such as astax- dinaphthyldisulfide (IPA-  PAKs group I PAKs 2008)
anthin, berberine, curcumin, cucurbitacins, emodin, capsaicin, hono- 3) (PAK1-3) when
kiol, resveratrol, salidroside, and ursolic acid, inhibit the upstream the'enzy"‘e
regulators of PAK1 (Maruta, 2014; Maruta and Ahn, 2017); therefore, ESE;/;];:?M or
these phytomolecules may also inhibit PAK1 activity, and currently, we CDC42-GTPyS are
are testing these possibilities using a combination of in silico, in vitro, and added. It does not
in vivo methods. FK228 and CEP-1347 are natural derivatives that act via cysteine
strongly block group I PAKs at micromolar concentrations. FK228 (also residue nor
lled romidepsin and marketed as Istodax) is a histone deacetyl competition with
called romidepsin and marketed as Istodax) is a histone deacetylase PAK ATP-binding;
inhibitor produced by the soil-dwelling bacterium Chromobacterium allosteric
violaceum that inhibits the growth of RAS-transformed cells and blocks inhibitor
PAK1 activity in RAS cancer and breast cancer cells (Hirokawa et al., Z'arylla“_‘;‘_“"“'aryl‘ PAKI ‘_‘\?bc_ompe“ﬁ"e (Xuetal, 2013)
. i pyrimidines inhibitor
2995). Among natural compo.unds, FK228 is the most potent PAK1 in AGS79 PAKL Tyrosine kinase (He et al., 2004)
hibitor identified to date and is approved by the FDA as a monotherapy inhibitors specific
for the treatment of cutaneous T-cell lymphoma, a rare malignant solid for ErbB2 and
tumor in T lymphocytes. In an AD mouse model, administration of FLK-1
FK228 together with metformin synergistically reduced AD-associated AK963 PAK1 {\Thl,)b‘ffmpem“’e (zzohl(;)] etal,
. . . mhibitor
pathologies and offers neuroprotestlve and memory-restorlln.g ef.fects AZA197 PAKL CDCA42 inhibitor (Zins etal., 2013)
(Zeng et al., 2021). CEP-1347, an indolocarbazole non-specific kinase CEP-1347 Group I ATP antagonist; (Nheu et al.,
inhibitor, is a synthetic derivative of the ATP antagonist K252a found in PAKs non-selectively 2002)
broths of Narcodiopsis bacterium. CEP-1347 was shown to block JNKs by :_lhibits most
. lotes . . . . P nases
inhibiting 1ts_upstrearf1.MLK family pr(.)tellns. in an ATP—competltlYe Compound 13 Group I ATP competitive (Crawford et al.,
manner. In vitro conditions, CEP-1347 inhibited PAK1 and MLKs in PAKs inhibitor 2015)
RAS-transformed cells with an ICsg of approximately 1 pM and 20 nM, Dibenzodiazepine PAK1 Allosteric kinase (Karpov et al.,
respectively (Nheu et al., 2002). However, although CEP-1347 displayed derivative inhibitor 2015)
better PAK1 selectivity over a number of kinases, including PKA, PKC, DW12 and A-FL172 PAKL ‘_u;ll?bc_smpem“’e (11/[2111‘51211;32‘)*‘
. . . . . mnibitor etal.,
PI3K, and myosin light-chain kinase, it was later found to show 100-fold FK228 PAKL Histone (Hirokawa et al.,
higher selectivity towards MLK3 (Maroney et al., 2001). CEP-1347 deacetylase and 2005)
suppressed the mHTT-mediated neurotoxicity in multiple model sys- PAK1 inhibitor
tems (cell line, D. melanogaster, and mouse). This compound exerts its FRAX019, FRAX414, Group I Fragile X mental ~ (Dolan et al,,
beneficial effect by inhibiting pro-apoptotic JNK pathway and restorin FRAX486, FRAX597, and  PAKsand  retardation 2013; Han et al,
. y . _gp Pop . p y . 8 FRAX1036 PAK4 protein (FMRP) 2020; Licciulli
the expression of brain-derived neurotrophic factor, a critical neuro- and PAK et al, 2013)
trophic factor that is reduced in HD, in R6/2 mice (Apostol et al., 2008). antagonist; ATP
In 2017, Nguyen et al. demonstrated the PAK1 blocking potential of competitive
ketorolac and ivermectin. Ketorolac is a non-steroidal anti-inflammatory inhibitor
d d li d i dults. K lac i G-5555 PAK1 Selectively (Ndubaku et al.,
rug use to re ieve mo erate—to—severe. pain in adu ts. Ketoro. ac is a inhibits PAK1; 2015)
chiral molecule administered as a racemic mixture (50 % S-enantiomer ATP competitive
and 50 % R-enantiomer), and blocks the oncogenic inhibitor
RAC1/PAK1/cyclooxygenase-2 activity (COX-2) signaling axis by G-9791 Group I ATP competitive  (Rudolph et al,,
. e qslises PAKs inhibitor 2016)
dlrect'ly inhibiting the COX enzyme (by S-ketorolac) and RACl./CDC42 Geranylgeranylacetone PAKL Attenuate Rho (Yoshikawa
proteins (by R-ketorolac). However, ketorolac has a COOH moiety that (GGA) or Selbex activation, and et al., 2010)
hampers its cell permeability; therefore, the 1,2,3-triazolyl ester of Ras-MAPK
ketorolac was synthesized using click chemistry to improve its water activation
solubility. This 1,2,3-triazolyl ester of ketorolac (15 K) exhibited 5000 GL-2003 (a water-soluble  PAK1 ATP antagonist; (Hirokawa et al.,
. tent anti tivit inst PAK1-d dent th derivative of AG879) ERK inhibitor 2007)
times more potent anticancer activity agains -dependent grow Ivermectin PAK1 ATP competitive (Hashimoto
of B16F10 melanoma cells and A549 cancer cells than ketorolac inhibitor et al., 2009)
(Nguyen et al., 2017a). Additionally, the anthelmintic drug ivermectin K252a PAK1 ATP competitive
inhibits PAK1 in human ovarian cancer cells and NF2-deficient inhibitor
MIA-602 PAK1 Growth hormone- (Gan et al., 2016)

Schwannoma cell line with an ICso of approximately 5-20 pM (Hashi-
moto et al., 2009). Notably, Yoshikawa et al., confirmed that ger-
anylgeranylacetone (GGA) inhibited PAK1-dependent growth of ovarian
and colon cancer cells by inducing apoptosis and cell cycle arrest in

releasing
hormone (GHRH)

(continued on next page)
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Table 2 (continued)

Natural/synthetic inhibitor =~ PAK Mechanism Reference
isoform
inhibited
receptor
antagonist
Naphtho(hydro)quinone- PAK1 and  Allosterically (Kim et al.,
based small molecules PAK3 inhibit PAK 2016a)
activity by
interacting with
p21-binding
domains
0SU-03012 PAK1 ATP competitive (Porchia et al.,
inhibitor 2007)
PF3758309 (UnPAK309 or PAK1 and ATP competitive (Murray et al.,
PanPAK309) PAK4 inhibitor 2010)
PP1/PP2 PAK1 Inhibits Src family (Hanke et al.,
Tyr-kinases, in 1996; Ma et al.,
particular those 2008)
specific for FYN
and HCK
Propolis and its active PAK1 Directly inhibit (Messerli et al.
components, including PAK1 activation; 2009; Nguyen
apigenin, caffeic acid, ATP competitive et al., 2017b;
and its ester, artepillin C, inhibitors Taira et al., 2016;
and nymphaeol A-C Way et al., 2004;
Xu et al., 2005)
Ruthenium phthalimide PAK1 ATP competitive (Blanck et al.,
complex inhibitor 2012)
ST2001 PAK1 ATP antagonist (Nheu et al.,
2002)
Staurosporine PAK1 ATP competitive (Karaman et al.,
inhibitor 2008)
Triptolide and Minnelide (a PAK1 Inhibit RAC and (Patil et al.,
water-soluble phosphoryl JAK2 2015; Wang
derivative of Triptolide) et al., 2009)
YM-155 PAK1 Suppress survivin (Ahnetal., 2017)
ZMF-10 PAK1 ATP competitive (Zhang et al.,
inhibitor 2020a)
CDK-1/2 inhibitor, Group II ATP mimetic (Eswaran et al.,
Purvalanol A, K252, and PAKs 2007)
SU11652
Compound 17 Group II Binds to an open (Staben et al.,
PAKs back pocket 2014)
cavity of PAKs
GL-1196 PAK4 Inhibits PAK4- (Zhang et al.,
dependent 2016)
signaling
KPT-8752 and KPT-9274 PAK4 Allosteric kinase (Rane et al.,
inhibitor 2017)
KY-04031 PAK4 ATP competitive (Ryuetal., 2014)
inhibitor
LCH-7749944 Group II Blocks several (Zhang et al.,
PAKs PAK4-mediated 2012)
signaling
pathways
PF-3758309 PAK4 ATP competitive (Murray et al.,
inhibitor 2010)

2010. The induction of cell cycle arrest in the G1 phase is mediated by
upregulation of p21 and p27, and apoptosis is induced by the activation
of caspase-8 and caspase-9 signaling (Yoshikawa et al., 2010). GGA (6,
10,14,18-tetramethyl-5,9,13,17-nonadecatetraen-2-one), an  oral
anti-peptic ulcer drug developed by Eisai Inc. (Tokyo, Japan) and
approved in Japan in 1984 (Murakami et al., 1981), inhibits Helicobacter
pylori (a gram-negative bacterium colonizing the human
stomach)-induced inflammatory reactions and tissue injury. In addition,
GGA has reportedly activates several molecular chaperones (heat shock
proteins [HSPs]) through heat shock factor 1 (HSF1), which offers
conserved cytoprotection against a number of aging pathologies (Anckar
and Sistonen, 2011; Katsuno et al., 2005).

Based on these observations, the considerable efforts devoted to the
development of fine-design ATP-competitive/allosteric small-molecule
inhibitors specific to PAK1 are evident, and some of these compounds
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have exhibited excellent activity. Although these small molecules have
been found relatively safe and effective in mammalian cell lines and a
few in vivo models, their behavior at the organismal level is still unclear.
Importantly, these studies reported only a limited amount of experi-
mental evidence, and future trials should be performed to test these
molecules in appropriate mammalian models, the results of which will
dictate whether such small molecules are amenable to further devel-
opment. Table 2 summarizes the natural and synthetic compounds that
block PAK1 activity directly or indirectly, and a few of these are
commercially available.

2.4.2. Group II PAK inhibitors

Group II PAKs have fewer coding exons than group I PAKs, indicating
potential structural and regulatory differences between the two groups.
Group II PAKs structurally differ from group I PAKs in terms of their
catalytic and regulatory domains, although they share some sequence
homology with group I PAKs. Similar to PAK1, PAK4 is frequently linked
to cancer and other age-related diseases (Bokoch, 2003). Interaction of
RAC1/CDC42 GTPases with PAK4 directs its cellular localization, and it
exhibits kinase-independent and kinase-dependent functions to promote
cell growth. In addition, PAK4 has been shown to phosphorylate a larger
set of substrates than PAK1, and several overlaps in substrate specificity
have been reported (Hofmann, 2004; Kumar et al., 2017). PAK4 is
mostly upregulated in human cancers, including basal-like breast can-
cer, endometrioid ovarian cancer, oral squamous cell carcinoma, and
pancreatic cancer; its kinase activity supports various cancerous phe-
notypes (Bokoch, 2003; Kumar et al., 2017). Considering the differences
in domain architecture and regulatory mechanisms between PAK1 and
PAK4, molecules that inhibit PAK1 might not be as effective at targeting
PAK4 activity. Therefore, the strategy for developing inhibitors that
directly target PAK4 should be different from that used for classical
PAK1 inhibitors. Glaucarubinone, a member of the quassinoid family
isolated from the seeds of Simarouba glauca DC, is the first natural
product that inhibits pancreatic and colon cancer cell growth by inhib-
iting PAK4 and PAK1 activity (Yeo et al., 2014). Glaucarubinone was
originally developed as an antimalarial drug and its combination with
the front-line chemotherapeutic agent gemcitabine synergistically
reduced cancer cell growth by reducing the levels of active PAK4 and
PAK1 protein levels and consequently inhibiting pancreatic cancer cell
xenograft growth in vivo. Despite decreasing PAK1 activity, glaucar-
ubinone did not markedly alter the phosphorylation levels of AKT or
ERK that are suppressed by PAK1 inactivation in cancer cells (Yeo et al.,
2014). These results indicate the complex nature of glaucarubinone,
which is an undesirable characteristic for developing drug candidates. In
C. elegans, glaucarubinone promotes mitochondrial metabolism, reduce
fat deposition, and promotes healthy longevity at nanomolar concen-
tration (Zarse et al., 2011). PF-3758309 is the first synthetic PAK4 in-
hibitor, developed by Pfizer (San Diego, CA) that binds to the PAK4
kinase domain in an ATP-competitive manner. PF-3758309 inhibited
the phosphorylation of the PAK4 substrate GEF-H1 and
anchorage-independent growth of HCT116 cells with an ICsg around 4.7
+ 3 nM. In tumor models (A549, colo205, HCT116, M24met, and
MDA-MB-231), PF-3758309 inhibited cell proliferation, survival, and
activation of PAK4-dependent pathways. Although it was rationally
designed through a structure-based approach as a PAK4 inhibitor,
PF-3758309 was found to actively target almost all PAK family members
(PAK1, PAK4, PAKS5, and PAK6) as well as other kinases, including ri-
bosomal S6 kinase and AMP-activated kinase (Murray et al., 2010).
Unfortunately, clinical trials of this drug have been withdrawn because
of its adverse side effects, inadequate tumor response, and undesirable
pharmacokinetic properties. In 2014, Genentech Inc. (San Francisco,
CA) developed compound 17, another group II PAK-specific inhibitor
that exhibits good solubility and passive permeability, through
structure-based methods. Compound 17 was shown to be more potent
and highly selective against PAK4 as well as other group II PAKs because
of the presence of an accessible back pocket cavity. It enhanced
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tamoxifen sensitivity in MCF-7 breast cancer cells and inhibited tumor
cell migration and invasion in two triple-negative breast cancer cell
lines, MDA-MB-436 and MCF10A PIK3CA (Staben et al., 2014). In 2012,
Zhang et al. developed a novel and potent PAK4-specific inhibitor,
LCH-7749944, that effectively suppressed PAK4-mediated behaviors,
including proliferation, migration, and invasion of human gastric cancer
cells (BGC823, MGC803, MKN-1, MKN-45, and SGC7901) in vitro by
blocking PAK4/LIMK1/cofilin and PAK4/MEK-1/ERK1/2/MMP2 path-
ways. Although it was designed as PAK4-specific inhibitor, it displays
inhibitory activity against other PAK family proteins, including PAK1,
PAKS5, and PAK6. More interestingly, LCH-7749944 inhibited cell
elongation and filopodia formation in SGC7901 cells; however, it’s in
vivo properties have not yet been investigated (Zhang et al., 2012). A few
other small-molecule inhibitors such as GL-1196 (Zhang et al., 2016),
KY-04031 (Ryu et al., 2014), and a series of PAK4-inhibiting analogs
(KPT-8752 and KPT-9274) (Rane et al., 2017) have also been identified.
Among these, KPT-9274 has proven to be a promising clinical compound
that reduces the steady-state level of cellular PAK4 and is found to block
the activity of nicotinamide phosphoribosyltransferase, a key enzyme
that initiates the nicotinamide adenine dinucleotide (NAD) biosynthetic
pathway in mammals. Recent studies have shown that KPT-9274 can
inhibit the growth of multiple cancer cells, including B cell acute
lymphoblastic leukemia, triple-negative breast cancer, multiple
myeloma, pancreatic ductal adenocarcinoma, and renal cell carcinoma.
KPT-9274 and its closely related analog KPT-8752 are different from
other PAK4 blockers because they reduce cellular PAK4 levels instead of
inhibiting its catalytic activity. This orally bioavailable clinical drug
candidate, combined with nivolumab, is currently in phase I clinical
trials for patients with advanced solid malignancies and non-Hodgkin’s
lymphoma (ClinicalTrials.gov Identifier: NCT02702492). Another
multi-center, open-label clinical study is currently investigating the
safety, tolerability, and efficacy of KPT-9274, either alone or
co-administrated with niacin ER, in patients with non-Hodgkin’s lym-
phoma and advanced solid malignancies (ClinicalTrials.gov Identifier:
NCT04281420). Furthermore, the use of miRNAs may be considered an
alternative strategy for targeting PAK4 activity. Overexpression of
miR-24 has been associated with the modulation of epithelial differen-
tiation and actin adhesion dynamics in keratinocytes by suppressing
PAK4 expression. Therefore, considering the pivotal role of PAK4 in
epithelial morphogenesis and the hyperproliferative nature of skin
cancers, it may represent a potential therapeutic target. Similarly, a few
other miRNAs, including miR-9-5p, miR-145, miR-199a/b-3p, miR-224,
miR-433, miR-485, and miR-663, suppress PAK4 expression and are
reportedly downregulated in several cancer cells (Rupaimoole et al.,
2016). Table 2 summarizes the natural and synthetic compounds that
block the activity of group II PAKs.

3. Caenorhabditis elegans—a premier model in aging research

The ultimate goal of aging research is to increase disability-free,
active, and healthy longevity. The lifespan can be extended by
decreasing the rate of aging progression, delaying the onset of age-
related diseases, and/or eliminating the root causes of mortality in the
elderly population. Using complex multicellular experimental models (i.
e., mammals) for studying the aging process in detail is quite difficult,
time-consuming, and involves ethical issues. Over the past few decades,
C. elegans, a free-living non-pathogenic nematode, has helped expand
our understanding of the molecular determinants of aging and is
considered an excellent in vivo model system to investigate the process of
aging (Kenyon, 2010). Since Sydney Brenner first introduced the
C. elegans model in the 1960s, this nematode has been widely used in
almost all areas of biological research. A new era in aging research began
following the isolation of the first long-lived C. elegans strain by Klass at
the University of Houston, USA in 1983 (Klass, 1983). C. elegans has
several advantageous features in aging studies, and they have been
extensively covered in several review articles (Mack et al., 2018;
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Table 3
Comparison between C. elegans and the human genomes.
C. elegans Human

Whole-genome
Genome Size (bp) 100,286,401 3,257,319,537
Total number of genes 49,177 60,649
Protein coding genes 19,987 19,955
Non-coding RNA and pseudogenes 27,664 40,284"
Mitochondrial genome
Genome size (bp) 13,794 16,569
Total number of genes 36 37
rRNA genes 02 02
tRNA genes 22 22
Respiratory chain genes 12 13

Comparison has been adapted from (Mack et al., 2018). Statistics are based on
WormBase (WS281 https://wormbase.org/about/wormbase_release WS281#0
—~10) and GENECODE (release version 38 https://www.gencodegenes.org/h
uman/stats.html) as on July 23, 2021.

@ Total non-coding RNA (long and small non-coding RNA) genes and pseu-
dogenes (processed, unprocessed, unitary, polymorphic, and pseudogenes).

Murakami, 2007; Olsen et al., 2006; Zhang et al., 2020c). In addition,
the availability of excellent online resources and databases on C. elegans
anatomy, biology, and genetics, such as WormBase (wormbase.org)
WormAtlas (wormatlas.org), WormBook (wormbook.org), SynergyAge
(synergistic.aging-research.group), and GenAge (genomics.senescence.
info/genes), makes it a premier model system for aging.

The C. elegans genome is just 1/30th the size of the human genome;
however, approximately 80 % of C. elegans proteins have human
orthologs (Lai, 2000). Interestingly, C. elegans was the first metazoan
animal with a completely sequenced genome using shotgun Sanger
sequencing in 1998, and the data has been refined continuously there-
after (The C. elegans Sequencing Consortium, 1998). A comparison of
the genomes of C. elegans and human is presented in Table 3. Recently,
Qin et al. identified 143 essential genes in C. elegans using combined
genetic mapping, whole-genome sequencing, bioinformatics analysis,
and experimental validation; of these, 108 were found to have putative
human orthologs. Among the 108 genes, 90 % (n = 97) of genes were
found to be associated with 1218 different human diseases (Qin et al.,
2018). In addition, the genetic flexibility of C. elegans allows the trans-
genic expression of human genes associated with age-related NDDs,
including o-synuclein, amyloid-p, polyglutamine, transthyretin, and
TDP-43, fused with a green or yellow fluorescent protein (GFP or YFP) in
body wall muscle cells offers a perfect platform for examining the
quantitative aggregation of these toxic proteins with age (Alexander
et al., 2014; Caldwell et al., 2020; Li and Le, 2013; Mohankumar et al.,
2020; Van Pelt and Truttmann, 2020). It is important to highlight the
discovery of a revolutionary and precise gene-editing technology, the
clustered regularly interspaced short palindromic repeats (CRISP-
R)/CRISPR associated protein 9 (Cas9) or CRISPR/Cas9 (Jinek et al.,
2012), that provides archaea and bacteria with adaptive immunity
against invading plasmids and viruses through CRISPR RNAs (crRNAs)
(Wiedenheft et al., 2012). In 2013, this precise genome-editing tech-
nology was first adapted for C. elegans. Since then, several different
CRISPR approaches have been developed, especially for C. elegans, and
researchers have produced increasingly sophisticated methods to tag,
delete, and mutate genes using CRISPR/Cas9 technology (Dickinson
et al., 2015, 2013; Friedland et al., 2013; Paix et al., 2016; Zhao et al.,
2014). CRISPR/Cas9 genome engineering has greatly facilitated the
fundamental goal of biological research, which is to identify and un-
derstand gene functions. For this game-changing gene-editing technol-
ogy, Emmanuelle Charpentier (the Max Planck Unit for the Science of
Pathogens, Berlin, Germany) and Jennifer A. Doudna (the University of
California, Berkeley, USA) were awarded the Noble Prize in Chemistry in
2020 (nobelprize.org/prizes/chemistry/2020/). Collectively, the use of
this advantageous C. elegans model has resulted in multiple break-
through discoveries and innovations in aging research, and several
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Fig. 5. Biological pathways that promote longevity in C. elegans. Green and orange colors indicate enhancement and reduction, respectively, in the signaling of these
pathways to promote longevity. AMPK, AMP-activated protein kinase; IIS, insulin/insulin-like growth factor signaling; mTOR, mechanistic target of rapamycin.

laboratories across the globe still use this model to gain deeper insights
into aging mechanisms, genes involved in aging processes, and identi-
fication of novel molecules with anti-aging properties to counteract
aging and age-related ailments.

Using the C. elegans model, several genes and genetic networks that
control lifespan have been identified. A new era in aging research has
bloomed after the identification of the first long-lived C. elegans mutant
by Klass (Klass, 1983) and another long-lived mutant, age-1, by Johnson
and colleagues (Friedman and Johnson, 1988). Since then, several ge-
netic determinants have been identified for controlling lifespan, and
these determinants link environmental factors to the rate of aging.
Subsequently, studies identified the insulin/insulin-like growth factor
signaling (IIS) pathway, the first established pathway implicated in
regulating the aging process in C. elegans, which constitutes DAF-2,
AGE-1, and DAF-16 (Kenyon, 2010). A mutation in daf-2, the
C. elegans homolog of insulin/insulin-like growth factor-1 receptor
(IGF1R), approximately doubles the lifespan by affecting the activity of
age-1, the C. elegans homolog of PI3K. The longevity induced by reduced
IIS signaling is mediated by DAF-16, the C. elegans homolog of forkhead
box O (FOXO) transcription factor (Kenyon et al., 1993). Reduced IIS
signaling leads to dephosphorylation of DAF-16, which triggers its nu-
clear translocation where DAF-16 activates several genes involved in
lifespan extension (Kenyon, 2010; Coleen T Murphy et al., 2003a).
Similar to the IIS pathway, reduced mechanistic target of rapamycin
(mTOR), mitochondrial respiration, DAF-9, TUBBY signaling, germline
signaling, and mRNA translation were shown to extend the lifespan of
C. elegans. In addition, enhanced activation of autophagy,
AMP-activated protein kinase (AMPK), sir-2.1 (ortholog of human sir-
tuin 1/SIRT1), mitophagy (a selective degradation of impaired mito-
chondria by autophagy), dietary restriction, proteostasis, and MAPKs,
including p38, JNK, and ERK, promote longevity in C. elegans (Fig. 5).
Uno and Nishida (Kyoto University, Japan) have comprehensively
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reviewed the lifespan-regulating genes and signaling pathways in
C. elegans (Uno and Nishida, 2016). In conclusion, despite its limitations,
C. elegans is a powerful model system to understand the genetic regu-
lation of aging and a rapid, inexpensive, and high-throughput screening
platform for anti-aging compounds.

4. PAK1 regulates longevity in C. elegans
4.1. PAKs in C. elegans and their functions

The C. elegans genome encodes three PAK family proteins, namely
PAK-1, PAK-2, and MAX-2. The RAC and CDC42 GTPases, RAS super-
family GTPases of the RHO subtype, are upstream regulators of these
PAKs and function as molecular switches to control cytoskeletal dy-
namics (Lardennois et al., 2019; Takai et al., 2001). Activated
RAC/CDC42 GTPase binds to PAK-1 and stimulates PAK activity via the
canonical GTPase/PAK pathway. PAK-1 shares all known sequence
motifs with human group I PAKs, whereas PAK-2 is more similar to
group II PAKs. Although MAX-2 closet in sequence identity to group I
PAKs with respect to the p21-binding domain (PBD) and kinase regions,
it does not share other N-terminal regulatory sequence motifs typical of
group I PAKs (Chen et al., 1996; Hofmann, 2004). Loss of max-2 causes
moderate disruption of axonal pathfinding in C. elegans larval develop-
ment, but pak-1 loss-of-function significantly improves these defects.
However, the loss of pak-1 alone causes no apparent defects in path-
finding errors (Lucanic and Cheng, 2008). Surprisingly, worms carrying
the pak-1 deletion allele, pak-1(0k448), live significantly longer
(approximately 60 %), and are healthier compared to the wild-type
control groups. PAK-1 exhibits GTP binding and kinase activity in
C. elegans and is involved in several biological functions, including
motor neuron axon guidance, inductive cell migration, and hemi-
desmosome assembly. It localizes to several cellular components,
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including hemidesmosomes, cytosol, and neuronal cell bodies, and
colocalizes with intermediate filaments (Goh et al., 2012; He and Mar-
uta, 2013; Iino and Yamamoto, 1998; Okada et al., 2013) (wormbase.
org). The expression of pak-2 is observed in the spermatheca, vulva,
pharynx, and pharyngeal-intestinal valve. PAK-2 is predicated to enable
ion binding and kinase activity, and is involved in larval development.
C. elegans carrying pak-2(0k332) loss-of-function allele (a probable null
allele) does not have an apparent mutant phenotype in isolation and
does not affect the axonal guidance phenotype of max-2(cy2) worms. In
contrast, the pak-2 deletion shows some embryonic defects and L1
lethality as a double mutant with the the null pak-1(0k448) allele (lino
and Yamamoto, 1998; Lucanic et al., 2006; McKay et al., 2003)
(wormbase.org). Peters et al. described the synergy between pak-1 and
max-2 in distal tip cell (DTC) migration (Peters et al., 2013). They found
that loss of pak-1 and max-2 (double mutation) results in pathfinding
errors and incompletely extended gonad arms during early development
in C. elegans, suggesting that these functionally redundant PAKs are
critical for proper migration and appropriate direction of DTC migra-
tion. In addition, CED-10, an ortholog of human RAC1 and RAC2, is
likely to function upstream of MAX-2. MAX-2 exhibits mitogen-activated
protein kinase kinase (MEK) activity and RAC GTPase binding activity,
and is involved in motor neuron guidance, JNK activation, and inductive
cell migration. It is likely expressed ubiquitously in early embryos and
then localized to the anterior embryo, where max-2 is expressed in the
ventral nerve cord, pharynx, and head neurons. Additionally, max-2
seems to be expressed in body wall touch receptor neurons (mechano-
sensory neurons), including PLM, PVD, and ALM (lino and Yamamoto,
1998; Locke et al., 2009; Lucanic and Cheng, 2008) (wormbase.org;
wormatlas.org). Worms bearing a loss-of-function mutation in max-2
exhibit a mild axonal guidance phenotype and with only subtle defects
in movement. Further, max-2 mutation suppresses unc-5 overexpression
and is dominantly enhanced by either unc-5 or unc-6 mutations, indi-
cating that max-2 functions downstream of unc-5, a gene that encodes a
netrin receptor (Lucanic et al., 2006).

The CED-2/5/12 complex, constituent of the Dock/ELMO atypical
Rac guanine nucleotide exchange factors, interacts with PAK-1 and
MAX-2 similar to CED-10/RAC, suggesting that the Dock/ELMO com-
plex controls DTC migration by promoting CED-10/RAC activity (Peters
et al.,, 2013). Genetic analysis suggests a modest contribution of
CED-10/RAC to PAK-1 branch activity, indicating partial RAC de-
pendency of the GIT-1/PIX-1/PAK-1 complex (Peters et al., 2013). GIT-1
and PIX-1, orthologs of the human G-protein coupled receptor kinase
interactor (OMIM: 608434) and PIX exchange factor (OMIM: 300267),
respectively, are equally essential to the PAK-1 pathway and are
required for PAK-1 activity. The GIT-1/PIX-1/PAK-1 axis is a highly
conserved signaling module that controls cytoskeletal dynamics in all
metazoans and regulates neuronal development and plasticity (Zhang,
2005). In C. elegans, the GTPase activator protein PIX-1 and the scaf-
folding protein GIT-1 form a highly conserved signaling complex with
PAK-1 to control DTC migration and cell shape during morphogenesis of
the gonad, independent of RAC/CDC42. This RAC/CDC42-independent
PAK-1 pathway (GIT-1/PIX-1/PAK-1) functions in parallel to the
RAC/CDC42-PAK1 pathway to regulate DTC migration and other
cellular processes. However, PIX-1 and GIT-1 do not interact with the
other PAK family members, namely PAK-1 and MAX-2 (Lucanic and
Cheng, 2008; Martin et al., 2014; Okada et al., 2013; Peters et al., 2013).
PIX and GIT have been shown to regulate multiple cellular processes via
PAK activity regulation in diverse experimental models (Ku, 2001;
Zhang, 2005; Zhao et al., 2000). As the GIT-1/PIX-1/PAK-1 pathway
functions independently of classical RAC/CDC42, loss of cdc-42 would
exacerbate the pathologies resulting from a loss of the
GIT-1/PIX-1/PAK-1 axis. This was supported by a study where double
RNAi knockdown of pix-1 and cdc-42 caused severe defects in DTC
migration compared to the RNAi knockdown of either pix-1 or cdc-42
alone. In contrast, max-2 knockdown failed to enhance the defects
caused by cdc-42 RNAi, and max-2; cdc-42 double RNAi did not resulted
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in enhancement of defects, suggesting that MAX-2 works with CDC-42
during gonad elongation (Lucanic and Cheng, 2008). RACs, GIT, PIX,
and PAKs have been implicated in integrin-regulated processes in mul-
tiple experimental models (Webb et al., 2007; Zhao et al., 2000). The
C. elegans genome contains two o subunits (ina-1 and pat-2) and one f
subunit (pat-3) integrins that function as heterodimers and are involved
in controlling DTC migration (Baum and Garriga, 1997; Lee et al., 2001).
Loss of function of either ina-1, pat-2, or pat-3 displayed migration and
guidance defects as identified in (rac/max-2); (git-1/pix-1/pak-1) double
mutants and those with the bloated DTC morphology phenotype of the
GIT-1/PIX-1/PAK-1 pathway, suggesting that the integrins may function
with both RAC/PAK-1 and GIT-1/PIX-1/PAK-1 signaling pathways
(Lucanic and Cheng, 2008). Notably, this GIT-1/PIX-1/PAK-1 pathway
promotes the maturation of hemidesmosomes into junctions that can
withstand mechanical stress and contribute to the coordination of
epidermal and muscle tissue morphogenesis (Zhang et al., 2011). Nearly
all metazoan PAKs contain a PIX-binding motif, and PIX-dependent
activation of PAKs has evolved very early in these metazoans. PAK-1
null mutant worms reportedly produce lower progeny and live signifi-
cantly longer than the wild-type (Yanase et al., 2013) similar to worms
bearing longevity-promoting genetic mutation(s) (Uno and Nishida,
2016), suggesting that the GIT-1/PIX-1/PAK-1 signaling axis is not only
essential for gonad morphogenesis in C. elegans, but also has a specific
role in controlling longevity and reproductive functions.

The involvement of redundant PAKs (max-2 and pak-1) in other
biological functions was demonstrated by Peters et al. (Peters et al.,
2013). max-2 and pak-1 were shown to have diverse roles in germline
function and development; additionally, sperm development is clearly
disrupted in the worms bearing max-2; pak-1 double mutation, resulting
in sterility. Surprisingly, tail development, one of the most complex
morphogenetic events in C. elegans, was not disrupted by the loss of
pak-1 and max-2. In particular, pak-1(tm403); max-2 and pak-1(0k4448);
max-2 males had male tail structures and wild-type morphology and
spacing of sensory rays. However, max-2; pak-1 double mutants
exhibited moderate defects in vulval morphogenesis (Peters et al.,
2013). In 2010, Fujiki et al. demonstrated the novel role of max-2 kinase
in regulating stress response in C. elegans (Fujiki et al., 2010). They
found that when the worms carrying pak-1(0k448) and pak-2(0k332)
deletion mutations were exposed to copper ions (Cu?") they did not
exhibit sensitivity to heavy metals, as seen in their wild-type counter-
parts; however, max-2(nv162) mutant worms displayed a partial heavy
metal-sensitive phenotype. In addition, the growth rate of max-2 mu-
tants was poor in the presence of cu?*, whereas pak-1 mutants, pak-2
mutants, and wild-type worms grew normally and became adults on day
4. Interestingly, max-2(nv162); pak-2(0k332) double mutation as well as
RNAi knockdown of pak-1 in max-2(nv162) mutant and max-2(nv162);
pak-2(0k332) double mutant worms failed to enhance their sensitivity to
heavy metals. Moreover, RNAi-mediated inhibition of vhp-1 markedly
suppressed the stress sensitivity observed in max-2-deficient worms.
vhp-1 encodes a MAPK phosphatase that negatively regulates the
KGB-1/JNK-like MAPK-mediated stress response pathway (Mizuno
et al., 2004). Notably, phosphorylated levels of KGB-1 declined
moderately in max-2(nv162) mutants under Cu®>* treatment, indicating
that KGB-1 requires functional MAX-2 for full activation. Genetic and
mechanistic studies have shown that MAX-2 interacts with and phos-
phorylates MLK-1 MAPK kinase kinase at the Ser-355 residue, func-
tioning upstream in the KGB-1 pathway, similar to MEK-1. Fujiki et al.
investigated the involvement of mig-2 of the KGB-1 pathway in medi-
ating sensitivity towards heavy metals (Fujiki et al., 2010). mig-2 en-
codes a member of the RhoG family of GTP-binding proteins,
functioning in parallel to the two PAK (max-2 and pak-1) pathways
regulating DTC migration (Peters et al., 2013). Studies found that the
Cu?*-sensitive phenotype observed in max-2(nv162) worms was not
altered by mig-2(mu28) mutation, and overexpression of max-2 in mig-2
(mu28) worms partially suppressed the heavy-metal sensitivity in a
MAX-2-dependent manner, indicating that MIG-2 and MAX-1 appear to
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Fig. 6. Overview and biological functions of PAKs in C. elegans [adapted from (Fujiki et al., 2010; Lucanic and Cheng, 2008; Mizuno et al., 2004; Peters et al., 2013;
Zhang et al., 2011)]. Dotted line indicates a modest effect. DTC, distal tip cell; P, phosphate.

function in the same pathway, with MIG-2 functioning upstream of
MAX-2 to activate the KGB-1 pathway (Fig. 6) (Fujiki et al., 2010).

4.2. Role of PAK-1 in regulating longevity

Yanase et al. first identified the relationship between PAK-1 and
longevity in the non-vertebrate model C. elegans using genetic manipu-
lation (Yanase et al., 2013). They compared the lifespan of worms car-
rying the pak-1(0k448) loss-of-function allele (RB689) with wild-type
worms (Bristol-N2) grown under standard laboratory conditions and
found that pak-1(0k448) worms live significantly longer than wild-type
worms. The N2 worms lived an average of 17 days, whereas
PAK-1-deficient worms survived for 27 days, approximately 60 %
longer. These findings clearly indicate that PAK-1 functions limit the
lifespan of C. elegans under basal conditions similar to its upstream
regulators DAF-2/IGFR1 (Dorman et al., 1995), AGE-1/PI3K (Friedman
and Johnson, 1988), and mTOR (Jia et al., 2004). The hyper-function
theory of aging proposes that over-activation of biological processes,
such as reproduction and development, leads to aging as a result of
hypertrophy-associated pathologies (Gems and de la Guardia, 2012).
The relationship between longevity and developmental rates is
intriguing and has been studied using experimental models. Genetic
studies using multiple model organisms have shown that long-lived
mutants exhibit delayed development and reduced fecundity rates
(Mukhopadhyay and Tissenbaum, 2007). This indicates that longevity is
negatively correlated with reproduction and development. Consistent
with these findings, the brood size was smaller in pak-1(0k448) worms
than in wild-type worms, and the pak-1 mutant progeny showed no
noticeable defects. These results strongly suggest that the reduction in
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brood size is associated with reduced PAK-1 activity in C. elegans. The
long-lived worms deficient in components of the IIS and TOR signaling
pathways also displayed a significantly reduced brood size (Dorman
et al., 1995; Friedman and Johnson, 1988; Jia et al., 2004). In other
words, PAK-1 typically promotes reproduction in C. elegans, thereby
accelerating the aging process, at least partially.

In human cells, PAK1 directly interacts with the forkhead tran-
scription factor FKHR and inhibits its function via phosphorylation
(Mazumdar and Kumar, 2003). In C. elegans, many transcription factors
and classical cellular signaling pathways that modulate the aging pro-
cess have been identified (Uno and Nishida, 2016). Among these, the
transcription factors SKN-1, HSF-1, and DAF-16 have been extensively
studied and are suggested to control multiple genes involved in species
longevity and stress resistance. The activity of SKN-1, an Nrf2-like
transcription factor, and HSF-1 up- or down-regulates several target
genes involved in a wide range of biological functions, including ho-
meostatic functions, oxidative/xenobiotic defense, and longevity
(Brunquell et al., 2016; Tullet et al., 2008). Additionally, enhanced ac-
tivity of DAF-16, a C. elegans homolog of a forkhead transcription factor,
significantly extended lifespan by regulating a wide range of ger-
oprotective genes (Kenyon, 2010; Murphy et al., 2003a). Furthermore,
the activity of these transcription factors is entirely controlled by the IIS
pathway; activated IIS inhibits the functions of SKN-1, HSF-1, and
DAF-16 via phosphorylation-dependent cytoplasmic sequestration. Ge-
netic analysis identified DAF-16 as the major transcriptional output of
IIS, and translocation of DAF-16 from the cytoplasm to the nucleus is
necessary for its transcriptional activity (Kenyon and Murphy, 2006;
Murphy et al., 2003a, 2003b). However, whether PAK-1 inactivates
DAF-16 in C. elegans, as in mammals, is unclear. To clarify this
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Fig. 7. The role of PAK-1 in regulating lifespan and healthspan of C. elegans.
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possibility, Yanase et al. examined the nuclear localization pattern of
DAF-16 using microinjection of pGP30 vector carrying daf-16 transcript
a2 (da-16a2) fused with GFP cDNA into pak-1(0k448) worms. They
found significantly increased nuclear accumulation of DAF-16 in
pak-1-deficient C. elegans strain when compared to that in wild-type
worms (Yanase et al., 2013). Once activated, DAF-16 translocates to
the cell nucleus and triggers specific DAF-16-depended gene expression
required for lifespan extension (Lee et al., 2003). In particular, hsp-16.2,
an important transcriptional readout of DAF-16, which is categorized as
a small HSP, is only expressed in organisms facing pernicious environ-
mental conditions, such as protein damage-causing oxidative and ther-
mal stresses (Burnaevskiy et al., 2019; Lithgow et al., 1994; Walker and
Lithgow, 2003). Interestingly, worms bearing a loss-of-function muta-
tion in pak-1 displayed enhanced survival under thermal stress condi-
tions compared to wild-type worms exposed to 35 °C for 4 h. In addition,
worms bearing pak-1 mutation showed increased expression of
hsp-16.2::GFP after a short heat shock. These results confirm that the
aging kinase PAK-1 normally functions to inactivate DAF-16, thereby
hindering the expression of stress-protective HSP-16.2 and thus
reducing longevity in C. elegans (Fig. 7). Therefore, interventions may be
developed to target this oncogenic/aging kinase to attenuate aging,
cancer, and age-related diseases. Nevertheless, a clear biological
mechanism underlying PAKs in regulating the lifespan of C. elegans re-
mains largely unclear and is an important issue that needs to be vali-
dated in the future.

4.3. Does dietary restriction regulate longevity through PAK-1?

Dietary restriction (DR) is the most robust environmental manipu-
lation known to significantly increase healthy longevity in C. elegans, as
well as in diverse species across taxa. Mounting pre-clinical and clinical
evidence indicates the significance of nutrient-sensing pathways,
including IIS, sirtuins, and mTOR, in mediating the effects of DR (Kapahi
et al., 2017). Multiple global transcriptional regulators, including
DAF-16/FOXO (Greer et al., 2007), SKN-1/Nrf2 (Bishop and Guarente,
2007), HSF-1/HSF1 (Steinkraus et al., 2008), HIF-1/HIF1 (Chen et al.,
2009), and PHA-1/FOXA (Panowski et al., 2007), are required to ensure
the healthy longevity of diet-restricted C. elegans. Several types of
diluted foods are used to subject worms to DR; these include dilution of
bacteria in a liquid known as IDR or bDR, seeding diluted bacteria onto
agar media referred to as sDR and msDR (seeding diluted bacteria onto
agar media with reduced peptone concentration), complete dietary
deprivation (DD), and intermittent fasting (IF) (Bishop and Guarente,
2007; Chen et al., 2009; Greer et al., 2007; Honjoh et al., 2009; Kae-
berlein et al., 2006; Panowski et al., 2007). Multiple genetic factors and
conserved cellular signaling pathways reportedly mediate the
longevity-promoting effects of DR. Genes associated with the IIS
pathway were the first genes to be directly linked to aging; a few com-
ponents of this pathway, including the Nrf2 transcription factor SKN-1
and FOXO transcription factor DAF-16, have also been associated with
DR (Kenyon, 2010; Pang et al., 2014). bDR fails to extend the lifespan of
skn-1 mutants under normal culture conditions showing that
SKN-1/Nrf2 is indispensable for DR-mediated longevity (Pang et al.,
2014). The DR regimens IF and sDR require the transcriptional activity
of DAF-16 to extend the lifespan. During sDR, the nutrient sensor aak-2,
an AMPK, activates daf-16 to extend the lifespan and healthspan of the
organism (Greer et al., 2009). aak-2 is, in turn, directly regulated by an
upstream kinase par-4, a C. elegans ortholog of mammalian LKB1 (Lee
et al., 2008; Narbonne and Roy, 2009). In C. elegans, six par genes (par-1
to par-6) have been identified, and mutation in any of these genes results
in impaired anterior-posterior asymmetries during embryonic cell divi-
sion, ultimately leading to embryonic lethality (Kemphues et al., 1988).
This suggests that the asymmetric cell division in the C. elegans embryo
is controlled by par genes. par-1 and par-4 encode putative ser-
ine/threonine kinases, par-2 encodes a C3HC4-type ring-finger protein,
par-3 and par-6 encode a PDZ domain-containing protein, and par-5
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encodes a 14-3-36 protein (Gomes and Bowerman, 2002). Notably,
par-4, a LKB1 or STK11 (serine/threonine kinase 11) ortholog, exhibits
protein serine/threonine kinase and calmodulin-binding activities and is
involved in multiple processes, including cell fate determination,
asymmetric protein localization, positive regulation of dauer larval
development, and adult lifespan determination. Studies on C. elegans par
gene have improved our understanding of how this kinase coordinates
cell division, cell polarity, cell growth, survival, and lifespan of
mammalian cells. Additionally, the human ortholog of this gene, LKB1,
has been implicated in pancreatic carcinoma, testicular germ cell tumor,
and Peutz-Jeghers syndrome (Alessi et al., 2006). The serine/threonine
kinase LKB1 regulates several cellular processes, including energy ho-
meostasis, cell division and proliferation, and cell polarity, and is often
downregulated in various cancers. Interestingly, the tumor-suppressing
LKBI1 inactivated the oncogenic kinase PAK1 in mammalian cells. In
metazoans, LKB1 activates FOXO transcription factors by either inhib-
iting PAK1 or activating AMPK. LKB1 directly phosphorylates PAK1 at
Thr109 in the p21-binding domain to inhibit its activation (Deguchi
et al., 2010). This clearly indicates that PAK1 is a direct downstream
target of LKB1 and plays a pivotal role in LKB1-mediated suppression of
cancer cell migration. Thus, DR regimens IF and sDR promotes longevity
in C. elegans by activating the DAF-16 transcription factor through two
distinct mechanisms involving the activation of aak-2 and suppression of
pak-1, both of which are common targets of the serine/threonine-protein
kinase PAR-4/LKB1. Nevertheless, whether DR inactivates PAK-1 in
C. elegans to extend organismal lifespan remains unclear and needs to be
validated in the near future.

4.4. Role of mMTOR-S6K-PAK-1 in regulating longevity

The DR-mediated LKB1-AMPK pathway has been shown to inhibit
mTOR in fruit flies, C. elegans, and mammals (Burkewitz et al., 2014;
Kapahi et al., 2017). mTOR, another nutrient-sensing protein kinase,
mediates the metabolic response to DR, and inhibition of mTOR activity
extends organismal lifespan in several experimental models (Kapahi
et al., 2010). Downregulation of mTOR expression in adult C. elegans
results in lifespan extension, and this effect is independent of the fork-
head transcription factor DAF-16 (Vellai et al., 2003). It forms two
complexes, namely, mTOR complex (mTORC)1 (containing
LET-363/mTOR and DAF-15/Raptor) and mTORC2 (containing
LET-363/mTOR and RICT-1/Rictor) (Blackwell et al., 2019). mTORC1
integrates mitogen and nutrient signals to control cell size and prolif-
eration, while mTORC2 regulates cell shape in mammalian cells
(Blackwell et al., 2019; Laplante and Sabatini, 2012). The activity of
mTORCI is regulated by diverse extracellular stimuli, and the tuberous
sclerosis complex (TSC), comprising TSC1 (hamartin) and TSC2
(tuberin) heterodimer, is a major upstream regulator. The IF-mediated
inhibition of RHEB-1, an upstream regulator of mTOR, suppresses
ins-7 that activates daf-16 to promote longevity, whereas sDR triggers
the nutrient sensor aak-2, which again activates daf-16, thereby
extending the lifespan C. elegans (Honjoh et al., 2009). Strong inhibition
of mTORCI in the early stage of development drastically slows or even
halts the development of C. elegans. In contrast, inhibition of mTOR
during late stage (adulthood) extends the lifespan. These results support
the antagonistic pleiotropy theory, in which the genes important for
fitness early in life limit survival later in life (Williams, 1957). mTORC2
plays a negligible role in modulating the longevity of C. elegans. Notably,
mTOR-deficient C. elegans exhibited a marked reduction in progeny
production and increased resistance to thermal stress, as observed in
worms with PAK-1 mutation (Hansen et al., 2007). Activation of ribo-
somal protein p70 S6 kinase (S6K) through direct phosphorylation by
mTORCI is one of the key downstream events in the mTOR pathway. A
deletion mutation in rsks-1/S6K results in lifespan extension and
reduced body size and growth in C. elegans, similar to mTORC1; how-
ever, rsks-1 is not required for development, unlike mTORC1 (Hansen
et al., 2007). Recently, S6K was found to stimulate the rapid activation
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of RAC1/CDC42 and their downstream effector PAK1. Thus, inhibition
of the mTORC1-S6K pathway through genetic, dietetic, or pharmaco-
logical interventions might inactivate PAK-1 activity and thus promote
healthy longevity.

In addition, AMPK acts downstream of S6K and mediates the S6K-
dependent effects on lifespan and body size, and the DAF-16 transcrip-
tion factor is required for AMPK-mediated lifespan extension, which is
downregulated by PAK-1 (Kapahi et al., 2010). A genetic study identi-
fied that inhibition of either mTORC1 or mTORC2 increased the lifespan
in an SKN-1-dependent manner. However, genetic inhibition of
mTORCI requires DAF-16 for lifespan extension, whereas mTORC2 does
not (Robida-Stubbs et al., 2012). Based on this, we speculate that PAK-1
hyperactivates mTOR and reduce lifespan by inactivating both DAF-16
and SKN-1 transcription factors. To study the interaction between the
mTOR pathway and insulin-like signaling, Chen et al. (2013) con-
structed a daf-2 rsks-1 double mutant and examined their lifespan. They
found that mutations in both daf-2 and rsks-1 synergistically extended
the lifespan by 5-fold through positive feedback regulation of DAF-16
transcription factor by AMPK (Chen et al., 2013). In 2019, Lan et al.
investigated the significant longevity-promoting phenotype caused by
daf-2 rsks-1 mutation in more detail. Functional studies revealed that
daf-2 and rsks-1 double mutations cause translational repression of cy-
tochrome c gene cyc-2.1 by RNA binding protein GLD-1 in the germline;
this non-autonomously activates mitochondrial unfolded protein
response and AMPK in the intestine via germline-produced mitokine,
leading to significant lifespan extension (Lan et al., 2019). Together,
these findings highlight the importance of interactions between the IIS
and mTOR, the two major conserved longevity-promoting mechanisms,
in more complex organisms. A better understanding of these interactions
will pave the way for the development of much-needed therapeutics
(PAK-1 inhibitors) to extend healthy longevity. Moreover, PAK1 appears
to control the interaction of raptor (regulatory associated protein of
mTOR) with the mTORC1 complex. Raptor positively regulates
mTORCI1 functions, acts as a scaffold, and is essential for the full acti-
vation of mTORCLI. daf-15 encodes the C. elegans ortholog of raptor. A
heterozygous daf-15 mutation extends both the mean and maximum
lifespan of C. elegans, similar to the results achieved by let-363/mTOR
inhibition. Interestingly, DAF-16 negatively regulates daf-15 transcrip-
tion by directly binding PEPCK-like insulin response sequences (IRS) in
the regulatory region of daf-15 (Jia et al., 2004). These findings
demonstrate that activation of PAK1 encourages tumor cell growth and
metastasis and may also reduce longevity by promoting the activation of
the mTOR pathway. Thus, tumor growth and aging progression depend
not only on mTOR, but also on PAKI.

4.5. Does PAK-1 regulate MAPKs to shorten lifespan?

PAK1 is hyperactivated and upregulated in various cancer tissues to
promote cancer cell migration and proliferation (Dummler et al., 2009;
Eswaran et al., 2012). PAK-1 activates the ERK-MAPK pathway via MEK
in a kinase-independent manner, most likely by facilitating MEK
recruitment to the cell membrane. The ERK-MAPK pathway, an evolu-
tionarily conserved signaling module in eukaryotes, transduces signals
from the cell surface to the nucleus, and controls diverse cellular pro-
cesses, including cell differentiation and proliferation (Nishida and
Gotoh, 1993). Approximately 30 % of human cancers, including breast
cancer, colorectal cancer, and neurofibromatosis, show hyperactivation
of the MAPK pathway, represented by the high phosphorylation rate of
ERK1/2 (Dumesic et al., 2009). Accumulating evidence indicates that
PAK1 regulates both MEK1 and C-RAF by directly phosphorylating these
proteins at Ser-298 and Ser-338, respectively (Higuchi et al., 2008). In
vitro and in vivo studies have shown that RAC1 promotes ERK-dependent
hyperproliferation of keratinocytes via PAK1-mediated MEK activation,
independent of MEK1 phosphorylation at Ser-298 (Wang et al., 2010).
However, depletion of PAK1 expression markedly reduced AKT and ERK
activities, thereby inhibiting cell proliferation, invasion, and survival;
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this suggests the key regulatory role of PAK1 in transmitting signals from
PI3K and RAS by activating downstream AKT and MEK pathways
(Beeser et al., 2005). Importantly, it has been established that relocali-
zation of active ERK, an impaired event in senescent cells, results from
the activation of the ERK signaling pathway and can increase the
replicative lifespan of diploid human cells by 61 % (Tresini et al., 2006).
In fruit flies, direct reduction of ERK activity through genetic interven-
tion and administration of the highly specific ERK inhibitor trametinib
in adults extends their lifespan (Slack et al., 2015). Moreover, increased
levels of phosphorylated ERK were found in Snell dwarf mice (Madsen
et al., 2004) (mice carrying a pit-1 mutation that results in a long-living
phenotype), type 5 adenylyl cyclase knockout mice (Yan et al., 2007),
and long-lived calorie-restricted mice (Ikeyama et al., 2002). In 2010,
Okuyama et al. identified a novel role of ERK-MAPK signaling in
longevity promotion in C. elegans (Okuyama et al., 2010). In this model
worm, the ERK-MAPK cascade transduces signals through three main
components, LIN-45/RAF1, MEK-2/MEK1/2, and MPK-1/ERK1/2, that
are essential for several developmental events. MPK-1 directly phos-
phorylates SKN-1 at the key sites (Ser-74 and Ser-340) required for
translocation of SKN-1 into the nuclei of intestinal cells and its expres-
sion in ASI neurons. The activation of SKN-1 by MPK-1, in turn, represses
the expression of insulin-like peptides ins-39 and daf-28, which act as
DAF-2 agonists, through a positive feedback mechanism. Thus,
MPK-1/ERK may function to extend the lifespan of C. elegans by phos-
phorylating SKN-1. In addition, ERK phosphorylates FOXO1 transcrip-
tion factor at various sites (Asada et al., 2007; Klotz et al., 2015) and
promotes longevity in C. elegans via activation of DAF-16/FOXO
(Okuyama et al., 2010), suggesting that the ERK-MAPK signaling
pathway may play a pivotal role in FOXO regulation. Based on these
observations, it is apparent that PAK1 mediates hyperactivation of the
ERK-MAPK cascade, promotes cancer cell proliferation and tumori-
genesis, and directly or indirectly regulates ERK to shorten the lifespan
of C. elegans, possibly by blocking DAF-16 and SKN-1 transcription
factors.

Two other well-characterized subfamilies of MAPK, representatives
of all eukaryotes, are p38 and JNK MAPK. Similar to ERK-MAPK, the
p38 MAPK cascade confers resistance against pathogenic infection,
neuronal development, and longevity (Troemel et al., 2006), while the
JNK MAPK cascade plays an important role in the regulation of lifespan
and stress resistance in C. elegans through direct interaction with and
phosphorylation of DAF-16 (Oh et al., 2005a). Thus, evolutionarily
conserved MAPK cascades might play a distinct and overlapping role in
regulating organismal lifespan. All three subtypes of MAPKs (ERK, p38,
and JNK) are targets of PAK1. In particular, constitutively activated
PAK1 leads to the selective activation of the p8 MAPK pathway in
response to various environmental stimuli (D rijard, 1995). The p38
pathway has also been reported to be aberrantly activated by aging in
various tissues and organs, including the brain, skin, and liver, sug-
gesting a strong link between aging and p38 signaling. In addition, p38
MAPK was abnormally activated in fibroblasts derived from patients
with premature aging syndrome, and inhibition of p38 using SB203580,
a selective inhibitor of p38, reversed the features of accelerated repli-
cative decline and helped cells retain their normal lifespan (DAVIS et al.,
2007). Moreover, p38 MAPK activity was markedly lower in the liver
tissue of a long-lived Snell dwarf mouse, indicating decreased develop-
mental rates and lower oxidative stress levels (Hsieh and Papacon-
stantinou, 2004).

Progression of aging resulted in impaired p38 MAPK signaling
pathway in the brains of 24-month-old Fischer 344 rats when compared
to that in young adults. This suggests that age-induced impairments in
MAPK signaling pathways may be a result of attenuated upstream reg-
ulators that are responsible for activation of the MAPKs. Furthermore,
calorie restriction (CR) without malnutrition inhibits the age-related
decline in basal activity of p38 MAPK in the brain (Zhen et al., 1999).
CR also markedly suppresses the age-related increase in MAPK activity,
triggered by increased reactive oxygen species (ROS) production
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Fig. 8. The role of PAK-1 in PI3K-AKT pathway regulation. Red arrowheads indicate the interaction between AGE-1/PI3K or AKT-1/AKT and PAK-1/PAK1, as
identified in higher models; however, their role in aging and longevity remains unidentified in C. elegans. P, phosphate; PIP2, phosphatidylinositol 4,5-bisphosphate;

PIP3, phosphatidylinositol 3,4,5-trisphosphate.

resulting from failed antioxidant defense system (Kim et al., 2002). In
this context, it should be noted that CR suppressed an age-related in-
crease in MAPK activity associated with increased ROS production
through antioxidative action and by blocking PAK1 functions. PMK-1, a
C. elegans homolog of p38 MAPK, directly phosphorylates SKN-1 at
Ser-74 and Ser-340, leading to activation and nuclear translocation of
SKN-1 in response to oxidative stress (Inoue, 2005), thus contributing to
the enhanced lifespan of long-lived daf-2 mutants (Troemel et al., 2006).
A recent study uncovered the novel role of p38 MAPK in ensuring
DR-mediated longevity via regulation of cytoprotective gene expression
in C. elegans (Chamoli et al., 2020). Another study investigated the
interrelationship between nutrient uptake, innate immunity, and
longevity in C. elegans and found that the evolutionarily conserved p38
kinase plays a crucial role in regulating the lifespan of worms based on
food intake. Additionally, DR was found to extend lifespan by modu-
lating the innate immune pathway that is regulated by intact p38 MAPK
signaling and ATF-7 transcription factor, which functions downstream
of p38 MAPK (Wu et al., 2019). However, the precise role of PAK-1 in
regulating p38 MAPK in C. elegans and other metazoans to influence
longevity is still unexplored and is an important area for future study.
The regulatory role of PAK1 is not limited to p38 MAPK. PAK1 and its
upstream regulators, RAC and CDC42, directly stimulate JNK activity
(Minden et al., 1995). Activation of RAC and/or CDC42 by various
environmental stimuli leads to an increase in the activity of PAKs.
Constitutively activated PAK1 stimulates the JNK MAPK signaling
pathway in a Ras-dependent manner, leading to transcriptional control
(D rijard, 1995). However, PAK does not directly phosphorylate JNK and
p38 MAPKSs because these require phosphorylation of Tyr and Thr res-
idues, which is mediated by upstream MAP kinase kinase (MKK4, also
designated as SEK1/JNKK), which is in turn controlled by MAP kinase
kinase kinase (MEKK1) in a typical MAPK regulatory network (Minden
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et al., 1994). In C. elegans, several orthologs of JNK MAPK pathway
components have been characterized, including unc-16 (JIP3 scaffold
protein ortholog), jkk-1 and mek-1 (MKK4/7 orthologs), and jnk-1
(mammalian JNK ortholog). The C. elegans JNK MAPK pathway com-
prises two types: JNK-like MAPKs (KGB-1 and KGB-2) and JNK (JNK-1)
pathways (Gerke et al., 2014). Previously, mig-2-mediated max-2 acti-
vation was shown to trigger the KGB-1 pathway, which offers conserved
protection against heavy metals in C. elegans (Fujiki et al., 2010). JKK-1
is an upstream component that transmits the signal to JNK-1 in response
to several stimuli, resulting in phosphorylation of the forkhead tran-
scription factor DAF-16, thus extending longevity (Oh et al., 2005b); this
suggests a possible crosstalk between JNK MAPK and insulin/IGF-1
signaling. Likewise, MEK-1 also activates JNK-1, triggering the nuclear
translocation of DAF-16 and contributing to lifespan extension (Neu-
mann-Haefelin et al., 2008). In contrast, the IIS pathway-mediated
phosphorylation of DAF-16/FOXO passively retained DAF-16 in the
cytoplasm of cells. Therefore, PAK-1 may also interact with JNK MAPK,
similar to that in mammals. However, whether PAK-1 controls lifespan
by regulating the JNK-1 MAPK cascade in C. elegans remains to be
determined. We speculated that functional interaction between PAK-1
and MAPKs, such as MPK-1/ERK1, PMK-1/p38, and JNK-1/JNK,
might alter the transcriptional activity of SKN-1 and DAF-16 in
C. elegans to modulate aging and longevity.

4.6. Role of PAK1 in PI3K-PDK1-AKT signaling axis

Aberrant activation and overexpression of PAKs have been identified
in various solid cancers, including prostate, colon, breast, and pancreatic
ductal adenocarcinoma. Emerging scientific evidence highlights a link
between the PI3K pathway and PAK activity in these cancers. Phos-
phorylation of PAK family members, in particular PAK1, by PI3K, PDK1,
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and AKT can trigger various downstream signaling events, including a
number of cellular functions that, when dysregulated, contribute to the
hallmarks of aging and cancer (Kaletsky and Murphy, 2010; Tsakiridis
etal., 1996). The aberrantly activated PI3K-PDK1-AKT axis, an intricate
signaling pathway, promotes oncogenesis by regulating growth,
migration, metabolism, survival, and angiogenesis. Additionally, the
kinase domain of PAK1 serves as a scaffold, allowing AKT activation by
PDK1, and aids the recruitment of AKT to the cell membrane (Thillai
et al.,, 2017). In C. elegans, the IIS pathway contains four major com-
ponents, namely, DAF-2, AGE-1, PDK-1, and AKT-1/2 (Murphy, 2013).
Inhibition of the C. elegans IGF1R ortholog, DAF-2, approximately
doubles the lifespan by activating the FOXO transcription factor DAF-16
(Kenyon et al., 1993). Previous studies have shown that worms carrying
the age-1 loss-of-function allele, a gene encoding a catalytic subunit of
PI3K, exhibit lifespan extension in a DAF-16-dependent manner as seen
in daf-2 mutants (Ayyadevara et al., 2008). Moreover, an akt-1 defi-
ciency caused robust lifespan extension, and the worms carrying mu-
tations in akt-1 lived approximately 50 % longer than the wild-type
worms, similar to age-1 mutants (Hamilton, 2005). AGE-1 and AKT-1 are
well-established downstream targets of DAF-2 in the IIS pathway. Since
PI3K was shown to activate both AKT and PAK1, the lifespan discrep-
ancies observed in age-1 and akt-1 deficiencies may be attributed to
PAK-1 deficiency in C. elegans. In contrast, PAK1 was also shown to
activate AKT, a crucial factor for cell growth, migration, metabolism,
survival, and tumorigenesis, in a kinase-independent manner by aiding
the recruitment of AKT to the membrane (Higuchi et al., 2008). In
colorectal cancer cells, decreased PAK1 expression inhibited the phos-
phorylation of AKT, which correlated with a subsequent reduction in cell
survival, proliferation, and invasion (Huynh et al., 2010). A link be-
tween PAK1 and AKT has also been demonstrated in fibroblast-like cells
of monkeys, where AKT phosphorylation was inhibited by the expres-
sion of the dominant-negative PAK1 mutant (Higuchi et al., 2008).
Indeed, silencing PAK1 or PAK2 decreased the activation of endogenous
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AKT, indicating that PAK1 and PAK2 are required for AKT phosphory-
lation. Based on these observations, it is apparent that the association
between PAK-1 and AGE-1/PI3K and/or AKT-1/AKT shortens the life-
span of C. elegans. One plausible explanation is that either AGE-1 or
AKT-1 directly interacts with PAK-1, shortening the lifespan, at least in
part, by inhibiting DAF-16 activity. Another possibility is that PAK-1
may trigger AGE-1 and AKT-1 activity, resulting in phosphorylation of
DAF-16 and SKN-1, which controls the subcellular and nuclear locali-
zation of these transcription factors (Fig. 8). However, the precise
relationship between these two theories has not been explored in
C. elegans and should be investigated in future studies.

4.7. PAKI1 regulation by merlin and its impact on longevity

Merlin or moesin-ezrin-radixin-like protein (OMIM: 607379) is an
NF2 gene product that acts as a tumor suppressor in humans whose
dysfunction causes type 2 neurofibromatosis (NF2; OMIM: 101000).
Merlin is a direct inhibitor of PAK1 and this inhibitory function is
mediated by its binding to the PBD and by inhibiting PAK1 recruitment
to focal adhesions (Kissil et al., 2003). Merlin is a cytoskeletal linker
protein that limits tumor growth and progression through increased
apoptosis, decreased proliferation, and contact-dependent growth inhi-
bition (Morrow and Shevde, 2012). Loss of merlin expression leads to
abnormal activation of PAKI1 and a group of mitogenic signaling cas-
cades that mediate cell survival, adhesion, motility, size, morphology,
and proliferation. Several key signaling pathways such as mTORC1/2
(James et al., 2012, 2009), PI3K/Akt (Rong et al., 2004), receptor
tyrosine kinase (RTK) (McClatchey and Fehon, 2009), Ras/Rac (Morri-
son et al., 2007), epidermal growth factor receptor (EGFR) (Curto et al.,
2007), Hippo (Zhao et al., 2018a), CD44 (Morrison, 2001), and cMET
(Zhao et al., 2018b) are deregulated following the loss of merlin. Among
others, mTOR, PI3K/Akt, RTK, and EGFR signaling are directly impli-
cated in aging and pathogenesis of many age-related diseases. Though
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merlin regulates these aging signaling, the involvement of merlin in
extending healthy life expectancy remains unknown. In C. elegans,
merlin is encoded by the nfm-1 gene and is predicted to enable
actin-binding activity. nfm-1 expressed in intestinal cells, pharyngeal
muscles, gonadal sheath, and excretory and rectal gland cells (worm-
base.org). NFM-1/Merlin is the most well-identified upstream regulator
of the Hippo signaling pathway in C. elegans and is conserved across
species. The Hippo pathway in C. elegans consists of
NFM-1-WTS-1-YAP-1-EGFL-44 that regulates tissue-size homeostasis
and maintains apicobasal polarity in the growing intestine (Lee et al.,
2019a). NFM-1 has been shown to inhibit the activity and nuclear
accumulation of the Yes-associated protein homolog YAP-1 by phos-
phorylation via the activation of WTS-1 in the Hippo pathway (Lee et al.,
2019a). C. elegans strain carrying loss-of-function yap-1(tm1416) allele
exhibited extended lifespan and healthspan in the middle age of life
(Iwasa et al., 2013), which provides indirect evidence for the involve-
ment of nfm-1 in aging (Fig. 9). Future research is therefore needed to
delineate the role of nfm-1/merlin in aging and longevity. Based on these
observations, we believe that nfm-1/merlin may downregulate the ac-
tivity of pak-1, yap-1, and other gerontogenes (i.e., age-1/PI3K,
akt-1/AKT, let-363/mTOR) in C. elegans to extend healthy longevity.

4.8. Advanced glycation end products (AGEs) and PAK1

Advanced glycation end products (AGEs) are a complex, potentially
harmful, and heterogeneous group of irreversible compounds that are
mainly formed in the classical Maillard reaction. The Maillard reaction
(or glycation) occurs when the reactive carbonyl group of a reducing
sugar reacts in a non-enzymatic way with amino groups of proteins,
lipids, and/or nucleic acids (Singh et al., 2001). AGEs can be produced
from exogenous or endogenous sources and their accumulation in
various tissues has been evidenced in several species during the normal
aging process (Chaudhuri et al., 2018). Various forms of AGEs are the
potential drivers of aging and are implicated in the development and
progression of chronic age-related diseases (Chaudhuri et al., 2018;
Luevano-Contreras and Chapman-Novakofski, 2010; Monnier and
Taniguchi, 2016; Rungratanawanich et al., 2021). In C. elegans, the
accumulation of AGEs was found to be decreasing the lifespan and
healthspan (Morcos et al., 2008). The formation of intracellular AGEs in
C. elegans is controlled by glod-4 gene, which encodes glyoxalase, and its
overexpression prolongs lifespan and decreases the glycolysis-derived
dicarbonyl metabolite methylglyoxal (MG; a precursor of
AGEs)-induced modification of mitochondrial proteins and ROS pro-
duction. On the other hand, glod-4 mutation decreases lifespan (Morcos
et al., 2008). Moreover, high dietary AGEs suppress the expression of
glod-4 and gst-4; they function to prevent the formation of more AGEs
(Kingsley et al., 2021). A recent study showed that a low dose of exog-
enous MG or MG produced during inactivation of gcat, a gene that en-
codes glycine-C-acetyltransferase involved in threonine metabolism,
increases C. elegans healthspan through proteohormesis, which is regu-
lated by HSF-1 and SKN-1 transcription factors (Ravichandran et al.,
2018). Pharmacological interventions such as FDA-approved drug
rifampicin and ferulsinaic acid have been shown to reduce the
AGE-mediated glycation and extend the lifespan in C. elegans (Gole-
gaonkar et al., 2015; Sayed, 2011). This evidence suggests that genetic
and pharmacological therapeutics that lowers AGE accumulation could
be an effective strategy to retard aging and age-related metabolic and
degenerative diseases. Similar to MG, reactive a-dicarbonyls (a-DCs)
accumulate with age, and their elevated levels showed age-related dis-
ease pathologies in C. elegans. The conserved TRPA-1 sense a-DCs and
detoxify them by activating SKN-1/Nrf2 via CaMKII. In addition, a-lipoic
acid and podocarpic acid were found to activates TRPA1-Nrf2 pathway
that ameliorates the deleterious consequences of a-DCs and MG depo-
sition in C. elegans and mammalian cells (Chaudhuri et al., 2016). These
findings imply that the genetic and/or pharmacological inhibitions of
AGE accumulation can delay or even halt the onset and progression of
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aging and age-related complications. Although the PAK1 mutation
retard aging in C. elegans and mice, the direct involvement of PAK1 and
PAK1 blockers on AGE accumulation has remained unknown. We
believe that the formation and accumulation of AGEs in long-lived pak-1
mutants can be altered by established or novel detoxification mecha-
nisms. Moreover, potent PAK1 blockers (natural or synthetic) may exert
dual effects that extend organismal lifespan and reduce glycation in vivo.
Future interventional studies on C. elegans and higher models are
therefore required to address this hypothesis experimentally.

4.9. Epidermal growth factor (EGF) signaling and PAK1 in healthy
longevity

Epidermal growth factor (EGF) is known for its role in regulating cell
division and differentiation. Activation of the EGF signaling pathway
has been shown to promote both the health and longevity of C. elegans
independently of IIS pathway (Iwasa et al., 2010). In C. elegans, let-23
encodes the only member of the EGF receptor (EGFR/ERBB4) family
transmembrane tyrosine kinase that regulates male spicule formation,
larval viability, the inductive signal during vulva development, ovula-
tion, posterior development of the epidermis, and stress-induced sleep
(wormbase.org). EGFR/let-23 gain-of-function mutants survived more
robustly in the middle adulthood stage, retained swimming vigor and
muscle integrity, and exhibited low age pigment (lipofuscin) levels later
in life, revealing a role for let-23 in promoting healthy aging. Conversely,
the worms carrying a reduction-of-function mutation in let-23 exhibit
shortened lifespan and reduced swimming vigor in mid-adulthood; as
does mutation of lin-3/EGF (Iwasa et al., 2010). Activation of EGF
signaling not only regulates the lifespan and healthspan in C. elegans but
is also directly linked to the maintenance of organismal-wide protein
homeostasis (proteostasis). The EGF signaling triggers the
RAS-RAF-MAPK pathway to regulate the expression of Skpl-like pro-
tein SKR-5 and HSP16-type chaperones through the PLZF transcription
factors EOR-1 and EOR-2, which determine the time of activation of the
ubiquitin-proteosome system (UPS) in adulthood worms (Liu et al.,
2011a). Interestingly, skr-5 is also a transcriptional readout of DAF-16,
signifying that it might be a common link between the EGF and IIS
signaling pathways (Murphy et al., 2003a; Safra et al, 2014).
LET-23-mediated Ras-ERK signaling cascade phosphorylates
SKN-1/Nrf2 transcription factor and it triggers the expression of several
antioxidant and detoxification genes, which help to minimizes protein
oxidation and aberrant aggregation of insoluble proteins (Rongo, 2011).
Recently, it was shown that augmented EGF signaling enhanced the
expression of gst-4 independently of the transcriptional activity of SKN-1
(Detienne et al., 2016), indicating that gst-4 is not under exclusive
transcriptional readout of the SKN-1. The binding of lin-3/EGF to its
receptor (let-23/EGFR) can be directly regulated by putative
EGF-binding proteins HPA-1 and HPA-2. HPA-1/2 normally functions as
a negative regulator of EGF signaling pathway and acted largely through
the EGFR/IP3R axis to confer healthy aging (Iwasa et al., 2010). How-
ever, some details of this mechanism remain to be explored, including
the questions of which isoform of LIN-3 (isoform a-h) modulates lifespan
and whether HAP-1 or HPA-2 binds to LIN-3. Finally, upon activation,
EGFR can promote PI3K activity directly or indirectly with p85 inter-
action, and activated Ras can also trigger the PI3K. It is unknown
whether EGF signaling in C. elegans activates PI3K or Akt. Some phy-
tomolecules, including royalactin (Detienne et al., 2014) and santalol
isomers (Mohankumar et al., 2020), have been shown to extend the
healthy life expectancy of C. elegans by modulating EGF signaling, at
least in part.

Apart from the activation of highly conserved RAS-RAF-MAPK
pathway, let-23/EGFR activation triggers phospholipase Cy (PLC-y
encoded by plc-3) and IP3-inositol (1,4,5) triphosphate receptor (IP3R,
encoded by itr-1) pathway to affect defecation cycles and ovulation
(Clandinin et al., 1998). It was also shown that EGF signaling act
through PLC-y-IP3R axis to extend C. elegans healthspan and lifespan
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UPR. Some additional reviews describe this pathway and its overlap in more detail (Blackwell et al.,

Driscoll, 2011).

(Iwasa et al., 2010). Iwasa et al. found that knockdown of either plc-3 or
itr-1 suppressed the youthful swimming phenotype seen with the let-23
gain-of-function mutation. Reduction-of-function mutation in itr-1 ac-
celerates swimming decline and shortens median and maximum lifespan
by 11 % and 31 %, respectively. However, worms carrying a
gain-of-function mutation in itr-1 exhibit reduced lipofuscin accumula-
tion, increased lifespan and relatively youthful swimming vigor. The
activity of IP3R was found to be downstream of (or in parallel with)
lin-3/EGF, since itr-1(gf);lin-3(rf) double mutants displayed healthspan
extension. After let-23/EGFR activation, the downstream signaling
through PLC-y-IP3R promotes healthy aging by enhancing the release of
intracellular calcium from the endoplasmic reticulum (ER) and influ-
encing cellular calcium homeostasis (Iwasa et al., 2010); nevertheless,
how calcium release promotes healthspan and longevity is not known.
Undoubtedly, calcium homeostasis has been suggested to be modulated
in the long-lived Klotho mouse and plays an essential role in adult
maintenance, particularly in non-dividing tissues (Imura et al., 2007).
This evidence indicated that the components of the RTK-PLC-y-IP3R
signaling axis as a plausible therapeutic target for lifespan and health-
span extension. To date, there is no experimental evidence directly
addressed the involvement of EGF signaling in the control of PAK-1
activation in C. elegans. However, we speculated that EGFR-mediated
Ras activation might regulate the PAK-1 in C. elegans. Future efforts to
understand how the EGF signaling pathway affects PAK-1 will have
important implications not only on the aging process itself but also on
cancer, neurodegeneration, and other age-related diseases.
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A team of researchers from the Sanford Burnham Prebys Medical
Discovery Institute, USA, identified that nutrient depletion could trigger
the activation of PAKs through EGFR signaling in pancreatic ductal
adenocarcinoma (PDAC) tumor cells. They found that glutamine star-
vation and EGF stimulation can increase the phosphorylation of PAK1/2
and that the inhibition of Racl partially attenuates PAK activation in
PDAC cells upon glutamine depletion. Metabolic activation of PAK is
efficiently suppressed by inhibiting EGFR and Racl (Lee and Commisso,
2020). The dominant-negative form of Racl abolished the metabolic
activation of PAK1/2; however, nutrient depletion increased PAK
phosphorylation in the presence of constitutively active Racl. This in-
dicates that EGFR could directly contribute to the activation of PAK1/2
(Bokoch, 2003). In addition, EGF signaling through PAK controls the
extent of macropinocytosis in these cells (Lee et al., 2019¢) and stimu-
lates Racl, PAK, and JNK in vascular smooth muscle cells (Beier et al.,
2008). These in vitro and in vivo evidence suggests that EGF
signaling-induced PAK activation is required for the survival of prolif-
erating or cancer cells under normal and nutrient stress conditions,
while activation of EGF signaling in C. elegans, particularly in
non-dividing tissues, extends healthspan (Fig. 10). Based on these ob-
servations, it is evident that preciously modulated EGF signaling
branches somehow interact with PAK1 to promote healthy longevity and
effective repair processes; caution should be exercised, however, as
activated EGF signaling has been implicated in epithelial and other
cancers. To date, the role of EGF signaling in promoting cellular
longevity (especially in non-dividing tissues or postmitotic cells) has not
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been addressed in other experimental models. Given the conserved na-
ture of EGF signaling, we believe that it should have a similar impact on
healthy aging in higher models.

5. Bioactive PAK1 blockers in C. elegans
5.1. Propolis

Propolis is a mixture of resinous substances collected from plants and
processed by bees to defend the colony from pathogenic invaders and
maintain the hive. The name “propolis” is derived from Greek terms
“pro” and “polis” meaning “protection” and “city (comb),” respectively.
Propolis has been used for over 5000 years, and ancient Egyptians used
it for embalming, religious rituals, and medicinal purposes. Propolis is
classified into seven groups based on the collection area and vegetation
source: brich, Clusia, green, Mediterranean, Pacific, poplar, and red.
Although all propolis groups appear to share similar pharmacological
properties, biotic and abiotic factors can directly influence their
phytochemical composition and bioactivity. For example, Brazilian
green propolis contains artepillin C, New Zealand propolis (Bio30)
derived from young buds of willow and poplar trees contains CAPE, and
propolis from subtropical areas of the Pacific, such as Hawaii, Okinawa,
and Taiwan, are rich in prenylflavonoids, including nymphaeols,
derived from Macaranga tanarius L. (Euphorbiaceae) trees (Sforcin,
2016; Shahinozzaman et al., 2021). Nevertheless, all propolis products
block PAK1 activity and suppress tumor growth. In particular,
CAPE-based propolis (Bio30), Brazilian green propolis, and Okinawa
propolis completely suppressed the growth of human neurofibromatosis
tumors and lung cancer cells (A549 cell line) via PAK1 inactivation
(Demestre et al., 2009; Messerli et al., 2009; Taira et al., 2016). In 2016,
we demonstrated the longevity-promoting ability of Okinawa propolis
using the multifaceted in vivo C. elegans model for the first time (Taira
et al., 2016). We found that, among the tested pharmacological doses
(0.5, 1, and 5 pg/mL), 1 pg/mL Okinawa propolis enhanced the mean
lifespan of wild-type worms by 33 % (24 + 0.02 days) compared with
that of untreated controls (18 & 1.1 days) in a PAK1-dependent manner.
Importantly, even the lowest concentration of Okinawa propolis
extended the lifespan significantly higher than the positive control
resveratrol (10 pg/mL). In addition, Okinawa propolis administration
upregulated the expression of hsp-16.2 by more than 30 % in the tran-
scriptional reporter strain CL2070 carrying the hsp-16.2::GFP transgene.
hsp-16.2 offers conserved protection against stress and is a key regulator
of lifespan in C. elegans that is inactivated by PAK-1 to an extent.
Moreover, exposure to the study doses did not adversely affect the sur-
vival rate of C. elegans, but reduced the brood size as seen in worms
carrying the pak-1(0k448) loss-of-function allele. Currently, there are no
reports on the longevity-promoting effects of other propolis groups;
however, Hawaiian and Taiwanese propolis could be explored as safe
anti-aging therapeutics because they are highly similar to Okinawa
propolis in terms of phytochemistry (Shahinozzaman et al., 2021).
Moreover, the major active prenylated flavonoids in Okinawa and
Taiwanese  propolis, including nymphaeol-A, nymphaeol-B,
nymphaeol-C, 3'-geranyl-naringenin, and isonymphaeol-B, were found
to be nontoxic and displayed several pharmacological properties (Sha-
hinozzaman et al., 2018, 2021). Notably, nymphaeols A-C from Oki-
nawa propolis suppress the growth of A459 lung cancer cells and
directly inhibit the oncogenic kinase PAK1 in vitro (Nguyen et al.,
2017b); however, their anti-aging effects remain to be clarified.

5.2. Caffeic acid and its natural ester (CAPE)

Caffeic acid and its ester (CAPE) have also been shown to increase
stress resistance and enhance the lifespan of C. elegans. Caffeic acid
directly reduces RAC1 GTPase protein and activity levels, followed by
the downregulation of NADPH oxidase activity, leading to inactivation
of PAK1 (Xu et al., 2005). Caffeic acid inhibited the growth of A549 lung
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cancer cells at 100 pM concentration. Exposure to caffeic acid enhances
lifespan and stress tolerance and reduces intestinal fat deposition and
lipofuscin (age pigment) accumulation in C. elegans. The lifespan and
stress tolerance enhancing properties of caffeic acid were found to rely
on the genes osr-1, unc-43, sek-1, sir-2.1, and daf-16. Caffeic acid also
modestly affects pharyngeal pumping rates, reproduction, and locomo-
tion (Pietsch et al., 2011). Recently, caffeic acid was reported to extend
the lifespan of worms expressing AP;_42 (CL4176) and PolyQ40
(AM141) in body wall muscle cells by activating DAF-16 and HSF-1
transcription factors and their direct transcriptional readouts sod-3,
gst-4, and hsp-16.2. In addition, caffeic acid enhances the expression of
lgg-1, a gene that positively regulates autophagy, and alters the
metabolism-related pathways in the C. elegans AD model (Li et al.,
2021). Furthermore, caffeic acid prevented the reduction of survival in
wild-type C. elegans and protected them against motor alterations
induced by the dopaminergic toxin 6-OHDA, the pro-oxidant ferrous
sulfate, and the excitotoxin quinolinic acid through SKN-1/Nrf2 acti-
vation (Colonnello et al., 2020). However, the presence of the COOH
moiety in caffeic acid limits its permeability through the negatively
charged plasma membrane, and this might be one of the reasons for its
relatively higher ICsg values. To increase the cell permeability of caffeic
acid, Hiroshi Maruta’s group in 2017 esterized caffeic acid with
water-soluble 1,2,3-triazolyl alcohol through click chemistry. The este-
rization was found to boost the anticancer activity of caffeic acid (15C),
by over 400-fold, against the PAK1-dependent growth of A549 cells,
while increasing its cell permeability by more than 70-fold (Takahashi
et al., 2017).

Similar to caffeic acid, CAPE downregulates the PAK1 effector RAC1
GTPase; however, its anticancer activity is approximately 10 times
higher than that of caffeic acid. CAPE is a major active constituent of
propolis and a natural ester of caffeic acid that is widely used in tradi-
tional medicine. Interestingly, 100 pM CAPE increased the median and
maximum lifespan of C. elegans by 9 % and 13 %, respectively, compared
with that of the untreated control group. CAPE increased the resistance
to thermal stress and diminished the thermal stress-induced intracellular
ROS production by approximately 50 %. This increase in lifespan and
stress resistance was mediated by DAF-16, but not SKN-1, transcription
factor in C. elegans (Havermann et al., 2014). In 2013, Hiroshi Maruta’s
group demonstrated that CAPE reduced brood size and upregulated the
expression of hsp-16.2 through DAF-16/FOXO (Yanase et al., 2013).
Eleftherios Mylonakis and colleagues found pak-1 mutant worms to be
highly susceptible to infection by the pathogenic fungus Candida albi-
cans. However, CAPE supplementation increased the survival of
wild-type C. elegans challenged with C. albicans. CAPE requires the
CED-10/PAK-1 pathway to perform this function, indicating the need for
PAK-1 activity to elicit the immune response against C. albicans infection
and induce the immunomodulatory activity of CAPE (Coleman et al.,
2016). However, PAK-1 activity reduces the longevity of C. elegans
under basal conditions (Yanase et al., 2013). Therefore, identifying the
precise relationship between these seemingly conflicting observations is
essential for future research.

5.3. Apigenin and artepillin C

Apigenin (5,7,4'-trihydroxyflavone) is a common flavonoid found in
a wide range of plants, including chamomile flowers (Matricaria recutita
L.) and CAPE-based propolis. Apigenin directly inhibits PAK1 activity by
downregulating PI3K/Akt. In C. elegans, apigenin extends the lifespan in
a DAF-16/FOX0O-dependent manner and enhances the expression of its
effector sod-3. It also inhibits the expression of daf-2, an essential gene in
the IIS pathways that directly controls DAF-16 activity in C. elegans
(Kawasaki et al., 2010). Interestingly, apigenin is structurally related to
the well-established PAK1 inhibitors called nymphaeols; therefore, it is
quite possible that other flavonoids, including quercetin, kaempferol,
myricetin, taxifolin, naringenin, fisetin, nobiletin, isorhamnetin, liquir-
itigenin, isoliquiritigenin, and sakuranetin, may also inhibit PAK-1
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activity in C. elegans. Moreover, quercetin, kaempferol, naringenin,
nobiletin, and fisetin supplementation have been shown to extend the
lifespan and healthspan of C. elegans by promoting DAF-16 activity
(Pallauf et al., 2017). These results indicate an interaction between these
flavonoids and PAK-1 to extend lifespan, at least in part.

Artepillin C, a constituent of the Brazilian green propolis, is a major
anticancer agent and has been shown to inhibit PAK1 activity with an
ICsp of 25 pM. In C. elegans, artepillin C reduces the brood size, protects
against heat-induced paralysis phenotype, and activates hsp-16.2 in a
DAF-16-dependent manner (Yanase et al., 2013). However, the precise
biological mechanism underlying its life-promoting ability under basal
and stress conditions remains unclear. Similar to caffeic acid, artepillin C
possesses a COOH moiety that limits its cell permeability. Interestingly,
triazolyl esterification of artepillin C was found to enhance its cell
permeability eight-fold, leading to a 100-fold increase in its anticancer
activity (Takahashi et al., 2017).

5.4. Curcumin

Curcumin (diferuloylmethane) is a hydrophobic polyphenol con-
stituent of the dietary spice turmeric (Curcuma longa L.), and has a broad
spectrum of biological activities. Curcumin directly inhibited PAK1 ac-
tivity under in vitro conditions, with an ICsy of approximately 16 pM
(Nguyen et al., 2017b). Curcumin retarded aging and age-related de-
clines (i.e., body size and pharyngeal pumping rate) and increased the
survival rate during juglone-induced oxidative stress conditions in
C. elegans. The lifespan extension induced by curcumin was found to rely
on gerontogenes age-1, sir-2.1, osr-1, sek-1, mek-1, skn-1, and unc-43, but
not on daf-16 and mev-1 (Liao et al., 2011). In addition, curcumin
required age-1, akt-1, pdk-1, osr-1, unc-43, sek-1, mev-1, sir-2.1, and skn-1
to protect the worms from oxidative stress-induced reduction in survival
(Yu et al., 2014). Notably, the effect of curcumin on lifespan and stress
tolerance depended on both age-1 (PI3K) and akt-1 (AKT1) in addition to
other gerontogenes. The involvement of PI3K and AKT1 in PAK1 inhi-
bition has been established (Higuchi et al., 2008; Huynh et al., 2010);
therefore, curcumin may extend lifespan by blocking PAK-1 activity in
C. elegans. However, its poor aqueous solubility, lower pharmacokinetic
profile, and chemical instability limit its use as an effective therapeutic
agent and compromise its clinical application. Liposome-mediated de-
livery of curcumin is considered a viable strategy to overcome these
limitations, and was shown to remarkably improve its solubility and
enhance its systemic bioavailability. In 2014, a group led by Michael
Wolzt at the Medical University of Vienna conducted a completely
randomized phase I clinical trial to investigate the safety, tolerability,
and pharmacokinetics of intravenously administered liposomal curcu-
min (10-400 mg/mz) in healthy individuals (18-45 years). They
observed that a single dose of liposomal curcumin appeared to be safe up
to 120 mg/m?2. Increasing concentrations were found to be toxic, as
represented by the altered morphology of red blood cells (ClinicalTrials.
gov Identifier: NCT01403545).

5.5. Resveratrol

Resveratrol (3,5,4'-trihydroxystilbene) is a naturally occurring
polyphenol that was first isolated by Takaoka from Veratrum grandi-
florum Loes. fil. (white hellebore) (Takaoka, 1939). Subsequently,
resveratrol was detected in grapevines (Vitis vinifera L.), and a relatively
higher abundance of resveratrol was observed in red wine (5 mg/L on
average). In 2014, we confirmed that resveratrol directly inhibits PAK1
activity with an ICsg of approximately 15 pM under in vitro conditions
(Taira et al., 2016), and it was promoting longevity in several model
organisms. In addition to extending the lifespan of Saccharomyces cer-
evisiae up to 70 % (Howitz et al., 2003), early adulthood supplementa-
tion with resveratrol extended the mean lifespan of Drosophila
melanogaster and C. elegans without affecting the fecundity rate (Wood
et al., 2004). In all cases, the life-promoting ability of resveratrol was
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originally shown to be sirtuin-dependent. In contrast, a study from a
group of investigators at University College London, UK, claimed that
resveratrol supplementation only marginally increases the lifespan of
D. melanogaster and C. elegans, and that this minimal effect is regulated
by the sirtuin gene (Bass et al., 2007). Recently Yoon et al. demonstrated
that the ERK homolog MPK-1 contributes to resveratrol-mediated
longevity extension by inducing nuclear translocation of the
SKN-1/Nrf2 transcription factor independent of the SIR-2.1/DAF-16
pathway. In addition, resveratrol-induced life prolongation was
entirely abolished by mpk-1 RNAi in daf-16 and sir-2.1 mutants, strongly
indicating the involvement of MPK-1 in resveratrol-mediated longevity
in C. elegans (Yoon et al., 2019). Moreover, resveratrol directly inhibits
COX-2 that requires PAK1 for its activation. Therefore, given the
established role of PAKI1 in regulating ERK and COX-2, we believe that
resveratrol may extend the lifespan of C. elegans by blocking PAK-1 ac-
tivity, thereby leading to MPK-1 activation and COX-2 inhibition.
However, the mechanism underlying the direct action of resveratrol on
PAK-1 activity in C. elegans remains to be elucidated and detailed
mechanistic studies are currently underway in our laboratory.

5.6. Ursolic acid

Ursolic acid (3p-hydroxy-12-urs-2-en-28-oic acid) is a pentacyclic
triterpene acid that belongs to the cyclosqualenenoid family and is
found in several medicinal plants, fruits, and spices, including apple,
cranberry, bilberry, prune, blueberry, thyme, lavender, oregano, basil,
rosemary, and olive. Ursolic acid inhibits the PAK1-dependent growth of
A549 lung cancer cells with an ICso of approximately 33 + 0.03 uM
(Rashid et al., 2013) as well as suppresses the activation of JAK2
(Shanmugam et al., 2011), an important tyrosine kinase that phos-
phorylates PAK1 (Rider et al., 2007). Although ursolic acid has many
pharmacological effects, its poor bioavailability (due to the presence of a
COOH moiety) under in vivo conditions hampers its clinical application.
In 2013, a highly cell-permeable ester of ursolic acid was synthesized,
through a click chemistry-based approach, by coupling a 1,2,3-triazolyl
ring to the COOH moiety at C28. The esters of ursolic acid, namely 7 g,
7p, and 7 r, were found to be most effective in their study with ICsq
values less than 0.1 pM against certain cancer cell lines (Rashid et al.,
2013). Interestingly, an Indian group led by Rakesh Pandey found that
ursolic acid at 25 pM promotes longevity, stress resistance, and pro-
teostasis in C. elegans; they further identified the precise mechanism
underlying its anti-aging effects (Negi et al., 2017, 2016). Mechanistic
studies have shown that ursolic acid-mediated longevity depends on
JNK-1 and mimics DR by enhancing SKN-1/Nrf2 nuclear accumulation.
The longevity mechanism is independent of PHA-4/FOXA and IIS
signaling and partially depends on sir-2.1. Furthermore, ursolic acid
reduces the aggregation of polyQ and preserves impaired proteostasis
with age via JNK-1 activation. Ursolic acid treatment also reduced the
brood size and prolonged the reproduction span as in pak-1 deficient
worms. Considering the role of PAK1 in regulating DR and JNK1 ac-
tivity, ursolic acid possibly blocks PAK-1 to enhance the lifespan and
stress tolerance in C. elegans. More recently, NaB and Efferth from
Johannes Gutenberg University, Germany, identified that ursolic acid
ameliorates stress-induced ROS generation, improves lifespan, and
upregulates the expression of dop-1 and dop-3 genes exhibiting dopa-
mine neurotransmitter receptor activity in C. elegans (NaB and Efferth,
2021).

5.7. Caffeine

Caffeine (1,3,7-trimethylxanthine) is a highly consumed psychoac-
tive alkaloid in the xanthine family and is a widely studied phytomo-
lecule owing to its pronounced biological properties. It is present in
many stimulating beverages, such as coffee, tea, and soft drinks, and
chocolates. Gabrielli’s group at the University of Queensland in
Australia found that caffeine triggers apoptosis in mitotic checkpoint-
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arrested cells by directly inhibiting PAK1 activity. It also promoted a
quick apoptotic response, in which >40 % of cells underwent apoptosis
within 5 h of caffeine treatment (Gabrielli et al., 2007). In the C. elegans
model, chronic exposure to caffeine (5 mM) during adulthood extends
the healthspan and lifespan by activating the FOXO transcription factor
DAF-16 in a manner similar to that in the reduced IIS pathway. Caffeine
appears to act independently of sirtuin ortholog sir-2.1, p53 ortholog
cep-1, and hypoxia-inducible factor ortholog hif-1. In addition, caffeine
exposure delayed the polyQ-induced paralysis phenotype in the
C. elegans model of HD, independent of DAF-16 (Sutphin et al., 2012)
and protected against DAergic neurodegeneration (Manalo and Medina,
2018). In contrast, Bridi et al. found that the caffeine-induced lifespan
extension was partially dependent on DAF-2 but not on DAF-16. More-
over, they demonstrated the role of adenosine signaling pathway in
caffeine-induced lifespan extension (Bridi et al., 2015), as it is a known
inhibitor of cAMP phosphodiesterase and adenosine receptor antagonist.
This inconsistency in results might be related to the differences in the
methodology and laboratory environment. Notably, caffeine-treated
worms exhibited pak-1 deficiency-associated phenotypes, such as
reduced reproduction, body length, and delayed larval development
(Bridi et al., 2015).

Coffee and its active ingredients have similar effects as that of
caffeine on C. elegans. Thus, coffee and its ingredients may block PAK-1
activity, leading to lifespan extension. Indeed, green coffee bean extract
was shown to increase the mean lifespan of C. elegans by 46.1 %, and the
extract-treated worms were more resistant to oxidative stress. The major
activity demonstrated by green coffee extract was mediated by 5-O-caf-
feoylquinic acid, an isomer of chlorogenic acid. Green coffee beans
consist of 50 % chlorogenic acids, of which 5-O-caffeoylquinic acid is the
most studied chlorogenic acid ester (Amigoni et al., 2017). Chlorogenic
acid extends healthy longevity in C. elegans mainly by activating the
FOXO transcription factor in the IIS pathway (Zheng et al., 2016). In
2018, Farias-Pereira et al. investigated the effect of green coffee bean
extract and 5-O-caffeoylquinic acid on the lipid profile of C. elegans and
found that both treatments reduced the triglyceride content by 29 % and
23 %, respectively. This lipid-lowering effect was mediated by sbp-1
(sterol  regulatory  element-binding  protein), far-6 (fatty
acid/retinol-binding protein), and daf-16 (Farias-Pereira et al., 2018).

5.8. Epigallocatechin gallate (EGCG)

EGCG (epigallocatechin-3-gallate) is the most abundant and potent
flavonoid in green tea. EGCG reportedly has numerous health-
promoting and therapeutic effects against a broad range of diseases,
including cancer, HIV, neurodegeneration, cardiovascular diseases,
chronic fatigue syndrome, and cerebrovascular insult. Importantly,
EGCG passes through the blood-brain barrier and, therefore, can be used
to treat brain tumors, NDDs, and other CNS disorders and diseases. It
was shown to inhibit PAK1 directly (Tepedelen et al., 2017) as well as
through the activation of the tumor suppressor protein Merlin (Tsuka-
moto et al., 2014). Merlin, encoded by the NF2 gene, directly blocks
PAK1 activity and RAS transformation. This green tea flavonoid has
been demonstrated to improve longevity under oxidative and thermal
stress conditions; however, it failed to extend the lifespan of C. elegans
under basal conditions. The longevity-promoting effect of EGCG may be
attributed to its antioxidant activity and its upregulation of ger-
ontogenes, including daf-16, skn-1, sod-3, and hsp-16.2 (Zhang et al.,
2009). Subsequently, EGCG was found to promote healthy lifespan in C.
elegans, mainly during early to mid-adulthood. EGCG administration
triggered AAK-2 activation by transiently increasing ROS production.
AAK-2 alters NAD' metabolism, activating SIR-2.1 that in turn activates
the FOXO transcription factor, which upregulates various
stress-protective and geroprotective genes. Together, these results sug-
gest that EGCG extends the lifespan of C. elegans via mitohormesis and
activation of the AAK-2/SIR-2.1/DAF-16 signaling axis (Xiong et al.,
2018). In addition, EGCG was reported to activate the LKB1/AMPK
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pathway in mammalian cell lines and in mice. Interestingly, LKB1 in-
activates the oncogenic/aging kinase PAK1 and activates AMPK simul-
taneously. Therefore, EGCG may trigger the activation of par-4, a
C. elegans ortholog of mammalian LKB1, which in turn upregulates aak-2
and inhibits pak-1 to exert anti-aging effects.

5.9. Urolithin-A

Urolithin-A (3,8-dihydroxy-6H-benzo[c]chromen-6-one) is pro-
duced by the colonic microbiota from ellagic acid and ellagitannins
found in pomegranate, blackberry, raspberry, strawberry, Indian
gooseberry, and nuts. Among the four identified urolithins (urolithin
A-D), urolithin-A is one of the most predominant isoform found in urine
and blood plasma samples of the species investigated to date, including
humans. Thus, urolithin-A is generally regarded as the bioactive mole-
cule underlying the health-promoting properties of pomegranate and
other food products rich in ellagic acid and ellagitannins. More impor-
tantly, urolithin-A can cross the blood-brain barrier (Gasperotti et al.,
2015; Hearne et al., 2020; Kujawska et al., 2019; Yuan et al., 2016) and
has been reported to be a potent neuroprotectant in vivo against brain
aging (Chen et al., 2019; Fang et al., 2019b; Gong et al., 2019), NDDs
and its associated pathologies (Fang et al., 2019b; Kujawska et al., 2019;
Shen et al., 2021; Yuan et al., 2016), ischemic neuronal injury (Ahsan
et al., 2019), and other CNS disorders (D’Amico et al., 2021; Shen et al.,
2021). Urolithin-A treatment directly inhibited the transcript levels and
activities of RAC1 and PAK1, with subsequent decreases in migration
and actin polymerization in cancer cells. Additionally, it blocked the
activity of epidermal growth factor, a well-known activator of RAC1/-
PAK1 signaling (Alauddin et al., 2020). In C. elegans, urolithin-A extends
lifespan and improves fitness by inducing mitophagy, the selective
removal of damaged and superfluous mitochondria by the autophagic
machinery. Lifespan extension mediated by urolithin-A was partially
dependent on aak-2 (AMPK homolog), and it improved the age-related
decline of muscle functions in mouse models (Ryu et al., 2016). In
addition, it extends the lifespan and improves the pharyngeal pumping
rate in the Werner syndrome C. elegans model (wrn-1[gk99]) by inducing
mitophagy (Fang et al., 2019a). Werner syndrome is an autosomal
recessive premature aging disorder (progeria) caused by mutations in
the gene encoding the Werner DNA helicase. Administration of
urolithin-A increased the survival, skeletal muscle respiration, and
muscle function in Duchenne muscular dystrophy (DMD) mouse models
and rescued impaired mitophagy in mice and C. elegans models of DMD,
as well as in primary myoblasts from individuals with DMD (Luan et al.,
2021). Interestingly, urolithin-A appears to activate AMPK by either
directly binding to a subunit of the enzyme complex or by activating the
upstream protein kinase LKB1 (Kim et al., 2016c). Thus, there is a
possibility that urolithin-A may block the activity of PAK-1 through the
LKB1/AMPK pathway, leading to lifespan and healthspan extension.

5.10. Marine compounds

Here, we summarize the PAK1 blocking potential and life-promoting
ability of three marine compounds: astaxanthin, fucoidan, and frondo-
side A. Astaxanthin (3,3-dihydroxy-p,p-carotene-4,4’-dione) is a
xanthophyll carotenoid that is naturally and widely distributed in
certain marine animals (salmon, trout, crab, shrimp, lobster, and
others), edible red or brown algae, bacteria, and yeast. It was found to
block the PAK1-dependent growth of A549 lung cancer cells (ICsg = 40
pM) (Maruta and Ahn, 2017). Astaxanthin and its three geometrical
isomers (all-trans, 13-cis, and 9-cis) extend the mean lifespan of C. elegans
in a DAF-16/FOXO-dependent manner (Liu et al., 2018). Fucoidan is a
complex sulfated polysaccharide (containing a substantial percentage of
L-fucose and sulfate ester groups) mainly found in brown seaweed and
certain marine invertebrates, such as sea cucumbers and sea urchins.
Fucoidan extracted from orange-footed sea cucumber C. frondosa
exhibited anti-metastatic potential by inhibiting the activation of
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RAC1/PAK1 mediated LIMK1/cofilin signaling axis in U20S osteosar-
coma cells (Zhang et al., 2020b). It also extended the lifespan of
wild-type worms challenged with H. pylori (Palacios-Gorba et al., 2020)
and inhibited Ap-induced toxicity by reducing Af deposits and ROS
production in AD model of C. elegans (Wang et al., 2018a). Frondoside A,
an anti-cancer sulfated saponin derived from C. frondosa, inhibited the
PAK1-dependent growth of A549 cancer cells (1.5 pM) (Dyshlovoy et al.,
2016). We recently found that frondoside A directly inhibits PAK1 ac-
tivity under in vitro conditions, with an ICsy of approximately 1 pM
(Nguyen et al., 2017b). Moreover, a low concentration of frondoside A
(1 pM) strongly protected the worms from Ap-induced toxicity and all
other pathological phenotypes observed in AD models (Tan-
grodchanapong et al., 2020). The molecular mechanism by which
fucoidan and frondoside A exert their anti-AD activity remains unex-
plored, but we believe that these biomolecules interact with PAK-1 to do
so. These marine compounds that block PAK1 in vitro, may exhibit
similar effects on C. elegans, which is an important issue to be validated
in the near future.

5.11. Ketorolac

Ketorolac is a non-narcotic and non-steroidal anti-inflammatory drug
that belongs to a family of carboxylic acid derivatives. It has been
administered through oral and parenteral routes to control mild-to-
moderate pain, cancer pain, and postoperative pain. Ketorolac is a
racemic mixture of the S-form and R-form that directly inhibit RAC and
COX-2, respectively. In 2017, we synthesized a 1,2,3-triazolyl ester of
ketorolac (15 K) through click chemistry to enhance its cell permeability
and water solubility. The resultant “azo” derivative was found to inac-
tivate PAK1 in vitro (ICso = 65 nM), block the PAK1-dependent growth of
A549 cells (ICso = 24 nM), and inhibit COX-2 (IC59 = 6 nM) (Nguyen
et al., 2017a). In addition, the 1,2,3-triazolyl ester of ketorolac at 50 nM
extended the lifespan of C. elegans by inhibiting pak-1 and upregulating
hsp-16.2. Similar to the phenotype observed in worms bearing pak-1
loss-of-function mutation, 15 K treatment decreased the brood size in
wild-type worms. Detailed mechanistic studies on mammalian models
are currently underway in Maruta’s laboratory (Nguyen et al., 2018).

6. Concluding remarks and future perspectives

In recent years, significant efforts have been made to understand the
essential cellular functions of PAK1 under normal and diseased condi-
tions. As an oncogenic kinase, PAK1 is considered a cancer hallmark that
regulates cytoskeletal remodeling, growth, proliferation, invasion,
metastasis, cancer cell immune evasion, metabolism reprogramming,
and cancer drug resistance; as an aging kinase, it shortens organismal
lifespan and healthspan. Given that PAK1 is a well-characterized culprit
in cancer promotions and aging progression, it exerts distinct as well as
overlapping functions in these processes. The functional interaction
between PAK1 and DR, MAPKs, PI3K/Akt, mTOR, and AMPK has been
described in several cancers; however, its role in regulating aging and
longevity is still unclear. Although PAK1 has been extensively studied in
cancer biology, the molecular mechanisms of C. elegans PAKs (PAK-1,
PAK-2, and MAX-2) remain to be elucidated, and the involvement of
PAK-2 and MAX-2 in lifespan regulation has not yet been described.
Moreover, the mechanism by which PAK-1 extends longevity in
C. elegans remains elusive; therefore, an in-depth scientific investigation
is needed to fully understand its mechanism of action, which will pave
the way for the development of more potent and target-specific phar-
macological drug candidates. Currently, we are investigating such pos-
sibilities using combined in vitro, in silico, and in vivo techniques.

Aging, cancer, and age-related diseases are multifactorial in origin;
therefore, polypharmacological approaches are needed to inhibit their
onset and progression, instead of the one drug—one target-one disease
approach. Targeting the different nodes of evolutionarily conserved
gene regulatory networks that inhibit the activity of oncogenic/aging
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Table 4
Future directions and open questions for the investigation of PAKs in regulating
aging and longevity.

Future directions

PAK-specific novel inhibitors should be developed to target PAK1/2 to achieve healthy
longevity and potentially useful cancer therapy.

Previously established and new PAK-blocking interventions should be tested using the
genetic tractability of the C. elegans model in the context of aging.

The uncertainty regarding the roles of PAK-1, PAK-2, and MAX-2 in several aspects of
aging and longevity need to be addressed.

Other mechanisms that regulate PAK-1 activity in C. elegans should be investigated.

Open Questions

How does PAK1 inhibition extend lifespan?

Does PAK-1 regulate transcription factors other than DAF-16 in C. elegans?

Are there any other genetic factors that mediate longevity in worms bearing pak-1
loss-of-function allele [pak-1(0k448)]1?

Does pakl mutation-induced lifespan extension transmit to the next generation?

Do DR, mTOR, MAPKs, and PI3K/AKT regulate lifespan through PAK1?

Do EGFR, AGEs, and merlin modulates aging through PAK1?

How does PAK1 (or PAKs) modulate NDDs and associated pathologies?

kinase PAK1 using genetic synergism and/or a combination of estab-
lished longevity-promoting drugs might be an effective way to prolong
healthy longevity. Moreover, using C. elegans as a versatile animal model
to identify potentially useful genetic and pharmacological interventions
that target PAK1 to extend a healthy lifespan would be a viable strategy.
We further suggest that future investigations should be directed toward
understanding the long-term benefits of identified PAK1 blocking
candidate drug(s) in a broader range of experimental models and eval-
uate the potential translation of a combination of these interventions to
the clinic. More importantly, repurposing the US FDA-approved drugs
for targeting PAK1 will significantly reduce the development time and
cost and advance the application of new therapeutics to reset the aging
clock. Therefore, it is not surprising that the identification and devel-
opment of safe, more potent, and clinically useful PAK1 blockers that
could potentially help extend healthy longevity and inhibit cancer cell
proliferation will hold a significant place in the pharmaceutical armory.
Table 4 lists the future directions and open questions that are relevant in
this area and should be addressed in the future. Detailed mechanistic
studies on PAKs with respect to their regulation of aging and longevity
are currently underway in our laboratory.
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