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ABSTRACT: There is an increasing evidence that
the oncogenic kinase PAKI is responsible not only
for malignant transformation, but also for several
other diseases such as inflammatory diseases (asthma
and arthritis), infectious diseases including malaria,
AIDS, and flu, as well as a series of neuronal diseases/
disorders (neurofibromatosis, tuberous sclerosis,
Alzheimer's diseases, Huntington's disease, epilepsy,
depression, learning deficit, efc.) which often cause
premature death. Interestingly, a few natural PAK1-
blockers such as curcumin, caffeic acid (CA) and
rosmarinic acid (RA) extend the lifespan of the
nematode Caenorhabditis elegans or fruit flies. Here, to
explore the possibility that C. elegans could provide us
with a quick and inexpensive in vivo screening system
for a series of more potent but safe (non-toxic) PAK1-
blocking therapeutics, we examined the effects of
PAKI-deficiency or down-regulation on a few selected
functions of this worm, including reproduction,
expression of HSP16.2 gene, and lifespan. In short,
we found that PAK1 promotes reproduction, whereas
it inactivates HSP16.2 gene and shortens lifespan,
as do PI-3 kinase (AGE-1), TOR, and insulin-like
signalling /ILS (Daf-2) in this worm. These findings not
only support the "trade-off" theory on reproduction
versus lifespan, but also suggest the possibility that the
reduced reproduction (or HSP16.2 gene activation)
of this worm could be used as the first indicator of
extended lifespan for a quick in vivo screening for
PAK1-blockers.
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1. Introduction

Calorie restriction (CR) is well known to extend the
lifespan of mice by activating the tumor-suppressing
kinase (LKB1-AMPK) cascade which eventually
activates the longevity and tumor suppressing
transcription factor (FOXO) family by its phosphorylation
and nuclear translocation (/-3). Interestingly, LKB1
inactivates an oncogenic kinase called PAK1, whereas it
activates AMPK (4). In fruit flies (Drosophila) the gene
"Methuselah" (MTH), encoding a G protein-coupled
receptor (GPCR) of secretin receptor family, shortens
the lifespan (5,6). Dysfunction of this gene (6) or the
inhibition of MTH protein by its ligand antagonists (7)
extends the lifespan by 35%. The MTH protein eventually
activates the oncogenic RAS—PI-3 kinase cascade (8),
leading to the activation of two oncogenic kinases, PAK1
and AKT. Thus, in both mammals and insects, PAK1 or
AKT appears to be involved in the regulation of their
lifespan somehow. In mammals both PAK1 and AKT are
known to inactivate the longevity protein "FOXO" by the
specific phosphorylation (9, 10).

In the nematode Caenorhabditis elegans several distinct
genes were identified as lifespan modulators. Among the
positive regulators, are "FOXO" (DAF-16), "HSP16.2",
and "PTEN" (DAF-18), whose dysfunction shortens
the lifespan (//-13). Among the negative regulators, are
insulin-like signalling (/LS/DAF-2), PI-3 kinase (AGE-1),
AKT, and TOR, whose dysfunction extends the lifespan
(14-17). If we understand correctly, these negative
regulators shorten the lifespan mainly by inactivating the
FOXO-HSP16.2 signalling pathway (/4-17).

In this worm there are three distinct members of
PAK family, PAK1, PAK2, and MAX-2 (/8-20). Among
them, the nematode PAKI1 is most closely related to
(and functionally same as) mammalian PAK1 which is
essential for malignant growth of cells and several other
diseases such as neurofibromatosis (NF) and Alzheimer's
disease (AD) which often cause the premature death of
human beings (27,22). So far no phenotype of PAKI-
decient mutant of C. elegans (RB689) has been reported,
except that the PAKI and MAX-2 double mutant is
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embryonically lethal, whereas PAK/-deficient mutant
shows no apparent defect, suggesting that PAK/ and
MAX-2 are functionally redundant in part (1/9). MAX-2 is
similar to Drosophila PAK3, whereas PAK2 in this worm
belongs to group II of PAK family (P4K4-6).

During our searching the potential phenotypes
of RB689, or effects of PAK1-blockers, we found
that RB689 shares a few common phenotypes with
dysfunction of ILS, PI-3 kinase, and TOR in this worm
and MTH in Drosophila: reduced brood size, increase in
stress-resistance, and longer lifespan. Furthermore, we
demonstrated the first example that HSP16.2-GFP (green
florescent protein) fusion gene in this worm (CL2070)
could be used as a potent visible indicator for a quick and
inexpensive screening for "non-toxic" PAK1-blockers in
vivo (combined with heat-shock).

2. Materials and Methods
2.1. Strains of C. elegans and reagents

Strains (RB689 and CL2070) of C. elegans were kindly
provided by C. elegans Genomic Center (CGC). Caffeic
acid phenethyl ester (CAPE) was purchased from Sigma
Chemicals and artepillin C (ARC) was kindly provided by
Dr. Hitoshi Hori of Tokushima University.

2.2. Measurement of brood size

The wild-type (N2) and RB689 of C. elegans were fed
by the lawn culture of Escherichia coli (OP50) which
was grown in the presence or absence of 200 uyM CAPE
or ARC on the standard nematode growth medium
(NGM) agar plate for 2 days shortly after the hatching
at 23°C. Then the number of eggs laid by each group of
around 40 adult worms overnight (for 10 h) was counted.
The brood size was calculated as the number of eggs per
mother (female worm).

2.3. Heat-shock—induced paralysis

The wild-type (N2) and RB689 were fed by E. coli which
was grown in the presence or absence of 200 uM CAPE
or ARC for 2 days as described above. Then each group of
100 adult worms was heat-shocked at 35°C for 2 h. Then
each group was cultured at 22°C for 4 h recovery, and then
heated again at 35°C over 4 h. Every hour after the 2nd heat
challenge, the number of worms in each group, which are
"paralyzed" (not moved by a gentle touch with a platinum
rod), was counted for scoring the survivers. The whole
population of control wild-type group usually perished after
4 h, whereas more than a half of RB689 or CAPE/ARC-
treated wild-type survived the 2nd heat-challenge.

2.4. HSP16.2 dependent GFP expression

The strain CL2070 which carries a transgenic reporter

gene called "HSP16.2-GFP" fusion gene (23) was fed
by E. coli (OP50) which was gown in the presence or
absence of 200 uM CAPE overnight (12 h) at 22°C.
Then each group of around 20 worms was heat-shocked
at 35°C for 2 h, and then kept at 22°C for the recovery.
After 4 h, each group was fixed with a drop (10 pL) of
sodium azide (1 M) on slides for microscopy. Under blue
light which stimulates the green florescence emission
from GFP produced in each worm, the fluorescence
images were acquired at the same exposure parameters,
using a 40x objective of the microscope (BX60;
Olympus, Tokyo, Japan) equipped with a digital camera
(Micropublisher 5.0; QImaging, Burnaby, British
Columbia, Canada).

2.5. Measurement of lifespan

The gravid hermaphrodites of the N2 and RB689 from
the standard agar plates were washed, respectively. Then
worms were dissolved in alkaline sodium hypochlorite
in order to collect the eggs in utero. The released eggs
were allowed to hatch by overnight incubation at 20°C
in S-basal (24) to the age synchronous cultures of the
L1 stage larvae. The lifespan of the hermaphrodites at
20°C was measured on the agar plates with the lawn
culture of E. coli (OP50). In order to prevent progeny
production, 5-fluoro-2'-deoxyuridine (FUdR; Wako
Pure Chemical Industries Ltd., Osaka, Japan) was added
to the agar plate at the final concentration of 40 uM
after the animals had reached adulthood as described
previously (23).

2.6. Nuclear localization of FOXO (Daf-16)

To detect the intracellular DAF-16 localization, pGP30
vector (26), in which the Daf-16 gene transcript a2
(daf-16a2) is fused to GFP ¢cDNA, was microinjected
into each gonad of the N2 and RB689 animals at 100
ng/uL with pRF4 containing the rol-6 (sul006) gene as
described previously (25). The presence or absence of
DAF-16 localization into the nucleus of the transgenic
4- and 10-day old animals was observed using a
fluorescence microscope with digital imaging system
(BX51TRF; Olympus Co., Tokyo, Japan).

3. Results

3.1. PAKI-deficient strain (RB689) has smaller brood
size than the wild-type (N2)

When we started culturing the PAK/-deficient strain
(RB689) on a plate for a few days, we noticed that eggs
this strain laid are clearly fewer than those the wild-type
produced, although all eggs are hatched and none of
mutant adults shows any other detectable defect. Since
the long-lived C. elegans strains, in which ILS, PI-3
kinase, or TOR dysfunctions, also show a significantly
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smaller brood size (/4-16), as does the longevity
mutant (Methuselah) of Drosophila in which the MTH
gene dysfunctions (5,6), we decided to measure the
brood size of RB689, compared with those of the wild-
type (N2) in the presence or absence of two distinct
PAK1-blockers, CAPE and ARC from a bee product
called propolis (27,28). As shown in Figure 1, the brood
size of RB689 is only one 7th of that of N2 (non-treated
wild-type strain), whereas both CAPE and ARC-
treated wild-type populations produced basically same
number of eggs as RB689, suggesting strongly that this
phenotype is closely associated with reduced PAK1
activity in this worm. In other words PAK1 promotes
the reproduction in this worm, as do RAS, PI-3 kinase,
and FYN, the three upstream activators of PAK1 in this
worm or mice (/4,29,30).

3.2. The PAKI-blocker CAPE activates HSP16.2 gene

In mammals as well as yeasts, the oncogenic RAS-PI-3
kinase signalling cascade blocks a series of heat-shock
genes, and as a consequence mammalian (or yeast) cells
are rendered highly sensitive to heat shock treatment
(31). Interestingly, two mammalian oncogenic kinases,
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Figure 1. Brood size of RB689 compared with wild-type (N2)
in the presence or absence of CAPE/ARC. Either PAKI-
deficiency (RB689) or treatment of N2 with CAPE/ARC (200
uM) reduces the brood size (number of eggs/mother).

o
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PAK1 and AKT, phosphorylate distinct members of
FOXO family, and inactivate their transcriptional
function essential for the expression of heat-shock
genes (9,10). In the nematode, FOXO is also essential
for the transcription of heat-shock genes including
HSP16.2, and the ILS-PI-3 kinase signalling cascade
and TOR are known to inactivate the longevity (FOXO-
HSP16.2) signalling cascade (/4-16). However, it still
remains to be clarified if AKT or PAK1 is involved
in this PI-3 kinase mediated inactivation of FOXO-
HSP16.2 signalling cascade. To monitor the possible
role of PAKI in the heat-sensitivity of this worm, we
compared the heat-induced paralysis of this worm,
between the wild-type and RB689 as well as the
ARC/CAPE-treated wild-type. We observed that both
RB689 and ARC/CAPE-treated worm are significantly
resistant to the heat challenge than the non-treated wild-
type population which perished in 4 h at 35°C (data not
shown), suggesting that PAK1 appears to mediate the
suppression of heat-shock genes in this worm as well.

Thus, we examined the effect of CAPE, the PAK1-
blocker which does not affect AKT, on the expression
of HSP16.2 gene, in an early stage of post heat-shock
treatment of the strain CL2070, which carries a reporter
gene, i.e., the promoter of HSP16.2 gene fused to GFP
gene (cDNA). This fusion gene gradually produces a
green florescent protein, only after heat shock, in this
transparent worm over 24 h (23). If PAK1 suppresses
the HSP16.2 gene, CAPE (or any other "non-toxic"
PAK-blockers) could promote a rapid production of
GFP shortly after the heat shock, and this florescent
nematode system would provide us with a rapid and
inexpensive in vivo screening for safe PAK1-blockers
potentially useful for clinical application.

As shown in Figure 2, the strain CL2070 which has
been treated with 200 uM CAPE overnight, started to
glow rapidly even in 4 h after 2 h-heat shock, whereas
the non-treated worm glowed only dimly in the same

(No Heat-Shock)

Figure 2. CAPE activates HSP16.2 gene in C. elegans. 200 uM CAPE stimulates HSP16.2-GFP production in 4 h after the heat
shock of C. elegans (CL2070). (A) The control CL2070; (B) CAPE-treated CL2070. Without heat shock, no GFP is produced.
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period. The GFP expression occurred only after heat
shock, and no GFP expression was detected without
heat shock. In others words the HSP16.2 gene promoter
is regulated by at least two distinct factors. It is
activated by heat shock, and inactivated by PAK1.

3.3. RB689Y lives longer than the wild-type

According to numerous studies by Tom Johnson and
his colleagues during last two decades or so, it was
firmly established that the expression level of HSP16.2
gene in this worm is well correlated to its lifespan
(32-34). Thus, we compared the lifespan between
RB689 (PAKI-deficient) and the wild-type under the
standard conditions. As shown in Figure 3, RB689 lives
significantly longer than the wild-type. Fifty percent
of RB689 survived the first 27 days, whereas 50% of
the wild-type survived only 17 days. In other words
the PAK[-dificient worm could live 10 days (by around
60%) longer than the control worm, clearly indicating
that PAK1 shortens lifespan of this worm, as do its
upstream activators PI-3 kinase and ILS as well as TOR.

Does PAKI1 inactivate FOXO in this worm, as
it does in mammals? We think it does, based on our
observation that nuclear localization of FOXO in
RB689 is significantly increased in comparison with
that in the wild-type, in particular at the early age (see
Table 1). In addition, the PAK1-blocker CAPE activates
HSP16.2 gene expression, which depends on the
transcription activity of nuclear FOXO.
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Figure 3. The effect of PAKI-deficiency on the lifespan.
The survival rate between N2 (the control, circle) and RB689
(PAK I-deficient, square) strains of C. elegans was compared
at 20°C on the standard agar plate. Fifty percent of RB689
survived on day 27, 10 days longer than the N2 counterparts.

Table 1. Effect of PAK1-deficiency on nuclear localization
of FOXO

Strain Age (days) Nuclear FOXO/unit area
N2 4 1.6 £0.7

RB689 4 17.4+1.6"

N2 10 11.0+1.4

RB689 10 38.0 +£7.4*

Numbers of GFP-stained nuclei were scored mainly in epithelia,
muscles and intestine, and indicated as mean = SD from more than
three independent transgenic (FOXO-GFP)worms of each strain. * The
numbers in RB689 are significantly larger than those in the control
(N2) on both days 4 and 10 (by #-test, p <0.001).

4. Discussion

Here we have shown three distinct phenotypes of C.
elegans which lacks PAK1 or whose PAK1 is down-
regulated by the PAK1-blocker CAPE. These phenotypes
clearly indicate that PAK1 promotes the reproduction,
inactivates HSP16.2 gene and shortens the lifespan
of this worm. These phenotypes are basically same as
those of a few other "longevity" mutants of this worm,
in which either ILS, PI-3 kinase, or TOR dysfunctions
(14-17). Interestingly, these three phenotypes are also
shared by the "longevity" mutant (Methuselah) of
Drosophila in which MTH gene dysfunction (5,6). Since
dysfunction of ILS, PI-3 kinase, and MTH eventually
leads to the inactivation of PAKI, it is not a big surprise
that these "longevity" mutants share the same phenotypes
with RB689 or the CAPE-treated worm.

How about dysfunction of TOR? There is an evidence
for a cross-talk between PAK1 pathway and TOR
pathway (35,36). As shown in Figure 4, TOR requires
another protein called Raptor for the full activation, and
their interaction requires PAK1 (35). Conversely, TOR
activates S6 kinase which in turn activates PAK1 (36).
Thus, PAK1 and TOR form a vicious oncogenic cycle,
and if TOR dysfunctions, PAK1 could be down-regulated
accordingly.

In this context it should be worth noting that
treatment of mice or fruit flies with rapamycin (Rapa),
which directly inhibits TOR, also live longer than the
control mice or fruit flies, respectively (37,38). To our
great surprise, it was found recently that transgenic RAC-
deficient fruit flies (Drosophila), in which the dominant
negative (DN) mutant of RAC is expressed to block the
oncogenic RAC-PAK signaling pathway, are extremely
resistant to a variety of stresses such as heat, oxidants,
desiccation, and starvation, and also can live for 40 days
at 30°C, almost twice as long as the control flies which
live for only 22 days (39).

Thus, a group at NIA in Baltimore recently started
measuring the lifespan of PAK 1-deficient (inflammation-
resistant) mice (40) compared with that of controls. If
PAKI plays a similar role in the lifespan of mice, this
study is expected to take around 5 years since the average
lifespan of control mice is around 3 years. Nevertheless
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Figure 4. Cross-talk between PAK1 and TOR pathways.
PAK1 and TOR form a vicious oncogenic cycle through
Raptor and S6 kinase, respectively, to cause cancers in
mammals and shorten lifespan of C. elegans.
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it is most likely that PAK/-deficient mice live longer than
controls, as do the Rapa-treated mice in which both TOR
and PAK1 are down-regulated.

Interestingly, in 1999 Cynthia Kenyon's group at
UCSF discovered that removal of germ-line cells by a
laser micro-beam from C. elegans extends the lifespan
by 60%, and this effect depends on the transcriptional
function of FOXO (47). Along with this finding came an
evolutionary "trade-off" theory noting that reduction in
reproduction (fecundity) leads to extension of lifespan
(5,42). In fact, over-expression of FOXO in adult
Drosophila fat body caused an increased lifespan and
reduced fecundity (43).

In other words, any compounds that reduce the brood
size could extend the lifespan of C. elegans or vice versa
(any "elixirs" could reduce the reproduction). However,
curcumin was recently reported to extend lifespan of this
worm, without affecting the reproduction, and even in
the absence of FOXO (44). Curcumin is known to inhibit
directly PAK1 as well as activates AMPK (45,46), and
AMPK activates FOXO. Thus, it is likely that curcumin's
life-extending property has nothing to do with its effect
on either PAK1 or AMPK.

Nevertheless, we hypothesized that a PAKI1-
dependent "reproductive" signalling cascade from
germ-line cells shortens the lifespan of this worm by
inactivating FOXO. Then, based on our preliminary
observation that ivermectin reduces the brood size of
this worm by 90% at its sublethal dose (Grant W, et
al., unpublished observation), we recently found that
this old anti-parasitic drug also blocks PAK1 (47).
Moreover, a natural PAK1-blocker called caffeic acid
(CA) and its dimer called rosmarinic acid (RA) extend
the lifespan of this worm (48). Thus, we are prompted to
test this "trade-off" theory further by examining effects
of several distinct PAK1-blockers such as CAPE, ARC,
ivermectin, bitter anti-malaria drugs including berberine,
glaucarubinone and "king of bitters" extract on HSP16.2
gene expression and lifespan of this worm in no distant
future. It is our "optimistic" hope that either reproduction
assay or GFP-HSP16.2 gene expression assay (or
combination of these two), which can be done in a
few days, may serve a quick in vivo screening for life-
extending products (so-called "elixirs"), which would
also be useful for therapy of cancers and several other
PAK1-dependent diseases such as NF and AD without
any side effect.

Lastly, it would be of great interest to test if FYN-
deficient (or PP1-treated) mice live significantly longer
than the control counterparts. Why? FYN is up-regulated
by RAS, the major target of PP1, the SRC family-specific
inhibitor, and contributes to the activation of PAK1 by
50% in RAS-transformed cells (49). Furthermore, the
FYN-deficient mice are less fertile (up to 50%) compared
with controls (30). Thus, if the "trade-off" theory is also
applicable to mammals, FYN-deficient mice could be
among the so-called "longevity" mouse family including

"snell" dwarf mice in which the transcription factor
Pit-1 dysfunctions, leading to growth hormone (GH)
deficiency among others (50).

Interestingly, treatment of these dwarfs with GH and
thyroxine increased their weight by approximately 45%,
although they remained much smaller than controls. The
hormone treatment also restored fertility to male dwarfs.
However, this treatment did not diminish lifespan or
lower their resistance to cataracts and kidney disease.
Moreover, this dwarf is resistant to cancers and a variety
of other diseases such as inflammation (57), as well as
oxidative stresses such as 3-nitropropionic acid (3-NPA).
In normal mice, 3-NPA activates MEK/ERK kinases and
stimulates a robust phosphorylation of JNK at Ser63,
whereas no phosphorylation takes place in snell mice,
in response to 3-NPA (52). Since both MEK/ERK and
JNK are the direct targets of PAKI, it is almost certain
that in snell mice, PAK1 is somehow blocked or down-
regulated. Again, these findings also strongly suggest,
if not proven as yet, that PAK/-deficient (inflammation-
resistant) mice could live significantly longer than
controls, as does the PAK/-deficient nematode (RB689).

Acknowledgements

This study was supported in part by DFG (Deutche
Forschungsgemeinschaft) visiting professorship to
HM during his 2006-2007 research at UKE (Hamburg
University Hospital) and UMB (University of Maryland
at Baltimore). One of the authors (HM) is very grateful to
Dr. Warwick Grant (La Trobe University in Melbourne)
and his colleagues for his laboratory space and kind
support during a follow-up study on the PAK/-deficient
(RB689) and HSP16.2-GFP transgenic (CL2070) strains
of C. elegans in the fall of 2007. Also we are indebted
to Dr. Chris Link for his critical reading/improvement
of this manuscript, to Dr. Tom Johnson and Ms. Patricia
Tedesco (University of Colorado at Boulder) for their
kindly providing us with pGP30 vector, to Dr. Masamitsu
Fukuyama (University of Tokyo) and CGC (C. elegans
Genome Center) for their kindly providing us with
RB689 and CL2070 strains.

References

1. Canto C, Auwerx J. Calorie restriction: Is AMPK a key
sensor and effector? Physiol. 2011; 26:214-224.

2. Shaw RJ, Kosmatka M, Bardeesy N, Hurley RL, Witters
LA, DePinho RA, Cantley LC. The tumor suppressor
LKBI kinase directly activates AMP-activated kinase and
regulates apoptosis in response to energy stress. Proc Natl
Acad Sci U S A. 2004; 101:3329-3335.

3. Greer EL, Dowlatshahi D, Banko MR, Villen J, Hoang
K, Blanchard D, Gygi SP, Brunet A. An AMPK-FOXO
pathway mediates longevity induced by a novel method
of dietary restriction in C. elegans. Curr Biol. 2007,
17:1646-1456.

4. Deguchi A, Miyoshi H, Kojima Y, Okawa K, Aoki M,
Taketo MM. LKBI1 suppresses p21-activated kinase-1

www.ddtjournal.com



34

Drug Discoveries & Therapeutics. 2013, 7(1):29-35.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

(PAK1) by phosphorylation of Thr109 in the p21-binding
domain. J Biol Chem. 2010; 285:18283-18290.

Rose M. In: The Long Tomorrow: How Can Advances in
Evolutionary Biology Help Us Postpone Aging.Oxford
University Press, Oxford, UK, 2005.

Lin YJ, Seroude L, Benzer S. Extended life-span and
stress resistance in the Drosophila mutant methuselah.
Science. 1998; 282:943-946.

Ja WW, West AP Jr, Delker SL, Bjorkman PJ, Benzer
S, Roberts RW. Extension of Drosophila melanogaster
life span with a GPCR peptide inhibitor. Nat Chem Biol.
2007; 3:415-419.

Suire S, Lécureuil C, Anderson KE, Damoulakis G,
Niewczas I, Davidson K, Guillou H, Pan D, Jonathan
Clark, Phillip T Hawkins, Stephens L. GPCR activation of
Ras and PI3Kc in neutrophils depends on PLCb2/b3 and
the RasGEF RasGRP4. EMBO J. 2012; 31:3118-3129.
Vadlamudi R, Kumar R. p21-activated kinase 1 (PAK1):
An emerging therapeutic target. Cancer Treat Res. 2004:
119:77-88.

Plas DR, Thompson CB. Akt activation promotes
degradation of tuberin and FOXO3a via the proteasome. J
Biol Chem. 2003; 278:12361-12366.

Murphy CT, McCarroll SA, Bargmann CI, Fraser A,
Kamath RS, Ahringer J, Li H, Kenyon C. Genes that act
downstream of DAF-16 to influence the lifespan of C.
elegans. Nature. 2003; 424:277-283.

Mihaylova VT, Borland CZ, Manjarrez L, Stern MJ, Sun H.
The PTEN tumor suppressor homolog in Caenorhabditis
elegans regulates longevity and dauer formation in an
insulin receptor-like signaling pathway. Proc Natl Acad
Sci U S A. 1999; 96:7427-7432.

Walker G, Lithgow G. Lifespan extension in C. elegans by
a molecular chaperone depends upon insulin-like signals.
Aging Cell. 2003; 2:131-139.

Friedman D, Johnson T. A mutation in the age-/ gene
in Caenorhabditis elegans lengthens life and reduces
hermaphrodite fertility. Genetics. 1988; 118:75-86.
Dorman JB, Albinder B, Shroyer T, Kenyon C. The age-1
and daf-2 genes function in a common pathway to control
the lifespan of Caenorhabditis elegans. Genetics. 1995;
141:1399-1406.

Jia K, Chen D, Riddle D. The TOR pathway interacts with
the insulin signaling pathway to regulate Caenorhabditis
elegans larval development, metabolism and life span.
Development. 2004; 131:3897-3906.

Gami M, Iser W, Hanselman K, Wolkow C. Activated
AKT signaling in Caenorhabditis elegans uncouples
temporally distinct outputs of DAF-2 signalling. BMC
Devel Biol. 2006; 6:45.

Chen W, Chen S, Yap SF, Lim L. The C. elegans p21-
activated kinase (CePAK) colocalizes with CeRacl and
CDC42Ce at hypodermal cell boundaries during embryo
elongation. J Biol Chem. 1996; 271:26362-26368.
Lucanic M, Kiley M, Ashcroft N, L'etoile N, Cheng HJ.
The C. elegans p21-activated kinases are differentially
required for UNC-6/netrin-mediated commissural motor
axon guidance. Development. 2006; 133:4549-4559.
Kumar A, Molli PR, Pakala SB, Bui Nguyen TM, Rayala
SK, Kumar R. PAK thread from amoeba to mammals. J
Cell Biochem. 2009; 107:579-585.

Maruta H. An innovated approach to in vivo screening
for the major anti-cancer drugs. In: Horizons in Cancer
Research. Nova Science Publishers, New York, USA,
2010; pp. 249-259.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Maruta H. Effective neurofibromatosis therapeutics
blocking the oncogenic kinase PAK1. Drug Discov Ther.
2011; 5:266-278.

Link CD, Cypser JR, Johnson CJ, Johnson TE. Direct
observation of stress response in Caenorhabditis elegans
using a reporter transgene. Cell Stress Chaperones. 1999;
4:235-242.

Sulston JE, Brenner S. The DNA of Caenorhabditis
elegans. Genetics. 1974; 77:95-104.

Yazaki K, Yoshikoshi C, Oshiro S, Yanase S. Supplemental
cellular protection by a carotenoid extends lifespan via
Ins/IGF-1 signaling in Caenorhabditis elegans. Oxid Med
Cell Longev. 2011; 2011:596240.

Henderson ST, Johnson TE. daf-16 integrates
developmental and environmental inputs to mediate aging
in the nematode Caenorhabditis elegans. Curr Biol. 2001;
11:1975-1980.

Demestre M, Messerli SM, Celli N, Shahhossini M,
Kluwe L, Mautner V, Maruta H. CAPE (caffeic acid
phenethyl ester)-based propolis extract (Bio 30) suppresses
the growth of human neurofibromatosis (NF) tumor
xenografts in mice. Phytother Res. 2009; 23:226-230.
Messerli SM, Ahn MR, Kunimasa K, Yanagihara M,
Tatefuji T, Hashimoto K, Mautner V, Uto Y, Hori H,
Kumazawa S, Kaji K, Ohta T, Maruta H. Artepillin C
(ARC) in Brazilian green propolis selectively blocks
oncogenic PAK1 signaling and suppresses the growth of
NF tumors in mice. Phytother Res. 2009; 23:423-427.
Beitel GJ, Clark SG, Horvitz HR. Caenorhabditis elegans
ras gene let-60 acts as a switch in the pathway of vulval
induction. Nature. 1990; 348:503-509.

Luo JP, McGinnis L, Kinsey W. Role of Fyn kinase in the
oocyte developmental potential. Reproduct Fertil Develop.
2010; 22:966-976.

Engelberg D, Zandi E, Parker CS, Karin M. The yeast and
mammalian Ras pathways control transcription of heat
shock genes independently of heat shock transcription
factor. Mol Cell Biol. 1994; 14:4929-4937.

Lithgow G, White T, Hinerfeld D, Johnson T.
Thermotolerance of a long-lived mutant of Caenorhabditis
elegans. J Gerontol. 1994; 49:B270-276.

Walker G, Lithgow G. Lifespan extension in
Caenorhabditis elegans by a molecular chaperone depends
upon insulin-like signals. Aging Cell. 2003; 2:131-139.
Rea SL, Wu D, Cypser JR, Vaupel JW, Johnson TE. A
stress-sensitive reporter predicts longevity in isogenic
populations of Caenorhabditis elegans. Nat Genet. 2005;
37:394-398.

Beevers CS, Chen L, Liu L, Luo Y, Webster NJG, Huang
S. Curcumin disrupts the mammalian target of rapamycin-
raptor complex. Cancer Res. 2009; 69:1000-1008.

Ishida H, Li K, Yi M, Lemon SM. p21-activated kinase 1
is activated through the mammalian target of rapamycin/
p70 S6 kinase pathway and regulates the replication of
hepatitis C virus in human hepatoma cells. J Biol Chem.
2007;282:11836-11848.

Bjedov I, Toivonen JM, Kerr F, Slack C, Jacobson J, Foley
A, Partridge L. Mechanisms of life span extension by
rapamycin in the fruit fly Drosophila melanogaster. Cell
Metab. 2010; 11:35-46.

Anisimov VN, Zabezhinski MA, Popovich IG, Piskunova
TS, Semenchenko AV, Tyndyk ML, Yurova MN,
Rosenfeld SV, Blagosklonny MV. Rapamycin increases
lifespan and inhibits spontaneous tumorigenesis in inbred
female mice. Cell Cycle. 2011; 10:4230-4236.

www.ddtjournal.com



Drug Discoveries & Therapeutics. 2013; 7(1):29-35. 35

39.

40.

41.

42.

43.

44,

45.

46.

Shuai Y, Zhang Y, Gao L, Zhong Y. Stress resistance
conferred by neuronal expression of dominant-negative
Rac in adult Drosophila melanogaster. ] Neurogenet.
2011; 25:35-39.

Allen JD, Jaffer ZM, Park SJ, et al. p21-activated kinase
regulates mast cell degranulation via effects on calcium
mobilization and cytoskeletal dynamics. Blood. 2009;
113:2695-2705.

Hsin H, Kenyon C. Signals from the reproductive system
regulate the lifespan of Caenorhabditis elegans. Nature.
1999; 399:362-366.

Mukhopadhyay A, Tissenbaum HA. Reproduction and
longevity: Secrets revealed by Caenorhabditis elegans.
Trends Cell Biol. 2007; 17:65-71.

Giannakou ME, Goss M, Jiinger MA, Hafen E,
Leevers SJ, Partridge L. Long-lived Drosophila with
overexpressed dFOXO in adult fat body. Science. 2004;
305:361.

Liao VH, Yu CW, Chu YJ, Li WH, Hsieh YC, Wang TT.
Curcumin-mediated lifespan extension in Caenorhabditis
elegans. Mech Aging Dev. 2011; 132:480-487.

Cai XZ, Wang J, Li XD, Wang GL, Liu FN, Cheng MS,
Li F. Curcumin suppresses proliferation and invasion in
human gastric cancer cells by down-regulation of PAK1
activity and cyclin D1 expression. Cancer Biol Ther. 2009;
8:1360-1368.

Pan W, Yang H, Cao C, Song X, Wallin B, Kivlin R, Lu S,
Hu G, Di W, Wan Y. AMPK mediates curcumin-induced
cell death of CaOV3 ovarian cancer cells. Oncol Rep.

47.

48.

49.

50.

51.

52.

2008; 20:1553-1559.

Hashimoto H, Messerli S, Sudo T, Maruta H. Ivermectin
inactivates the kinase PAK1 and block the PAK1-
dependent growth of human ovarian cancer and NF2
tumor cell lines. Drug Discov Ther. 2009; 3:243-246.
Pietsch K, Saul N, Chakrabarti S, Stiirzenbaum SR,
Menzel R, Steinberg CE. Hormetins, antioxidants and
prooxidants: Defining quercetin-, caffeic acid- and
rosmarinic acid-mediated life extension in C. elegans.
Biogerontology. 2011; 12:329-347.

He H, Hirokawa Y, Levitzki A, Maruta H. An anti-Ras
cancer potential of PP1, an inhibitor specific for Src
family kinases: /n vitro and in vivo studies. Cancer J.
2000; 6:243-248.

Vergara M, Smith-Wheelock M, Harper JM, Sigler R,
Miller RA. Hormone-treated snell dwarf mice regain
fertility but remain long lived and disease resistant. J
Gerontol A Biol Sci Med Sci. 2004; 59:1244-1250.
Alderman JM, Flurkey K, Brooks NL, et al.
Neuroendocrine inhibition of glucose production and
resistance to cancer in dwarf mice. Exp Gerontol. 2009;
44:26-33.

Madsen MA, Hsieh CC, Boylston WH, Flurkey K,
Harrison D, Papaconstantinou J. Altered oxidative stress
response of the long-lived Snell dwarf mouse. Biochem
Biophys Res Commun. 2004; 318:998-1005.

(Received December 30, 2012; Revised January 16, 2013;
Accepted January 25, 2013)

www.ddtjournal.com




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


