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The serine/threonine protein kinase LKB1 is a tumor suppres-
sor gene mutated in Peutz-Jeghers syndrome patients. The
mutations are found also in several types of sporadic cancer.
Although LKB1 is implicated in suppression of cell growth and
metastasis, the detailed mechanisms have not yet been eluci-
dated. In this study, we investigated the effect of LKB1 on cell
motility, whose acquisition occurs in early metastasis. The knock-
down of LKB1 enhanced cell migration and PAK1 activity in
human colon cancer HCT116 cells, whereas forced expression of
LKBI1 in Lkb1-null mouse embryonic fibroblasts suppressed PAK1
activity and PAK1-mediated cell migration simultaneously. Nota-
bly, LKB1 directly phosphorylated PAK1 at Thr'® in the p21-bind-
ing domain in vitro. The phosphomimetic T109E mutant showed
significantly lower protein kinase activity than wild-type PAK1,
suggesting that the phosphorylation at Thr'%® by LKB1 was respon-
sible for suppression of PAK1. Consistently, the nonphosphorylat-
able T109A mutant was resistant to suppression by LKB1. Further-
more, we found that PAK1 was activated in the hepatocellular
carcinomas and the precancerous liver lesions of Lkb1(+/—) mice.
Taken together, these results suggest that PAK1 is a direct down-
stream target of LKB1 and plays an essential role in LKB1-induced
suppression of cell migration.

LKBL1 is a serine/threonine kinase whose mutations have
been found not only in Peutz-Jeghers syndrome patients (1-3)
but also in various types of sporadic cancer (4 —6). These results
suggest that LKBI is a tumor suppressor gene. In addition, we
and others (7-9) have previously shown that the heterozygous
LkbI mutations in mice cause gastrointestinal hamartomas
after 20 weeks of age and cause hepatocellular carcinomas
(HCCs)? after 50 weeks (10). Notably, the Lkb1 gene in all HCC
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and hepatic precancerous lesions shows loss of heterozygosity
(10, 11). These phenotypes in Lkb1(+/—) mice further indicate
that LKBI1 is a tumor suppressor gene.

In mammalian cells, LKB1 forms a complex with STE20-
related adaptor pseudokinase (STRAD) and scaffolding protein
MO25, both of which are required for LKB1 enzymatic activity
(12, 13). It can phosphorylate and activate at least 14 kinases,
including AMP-activated protein kinase (AMPK) and mi-
crotubule-associated protein/microtubule affinity-regulating
kinases (MARKs) (5). Activation of AMPK by LKBI1 leads to
inactivation of mammalian target of rapamycin complex 1 via
phosphorylation of the tuberous sclerosis complex 1/2, and this
pathway has been implicated in tumor suppressor functions of
LKBLI. In addition to growth control, LKB1 also plays important
roles in establishing cell polarity in mammalian cells (14). LKB1
regulates tight junction assembly and cell polarity through
AMPK in mammalian cells (15, 16), and we have shown that
LKBI suppresses tubulin polymerization by activating MARK
microtubule-associated protein signaling (17). We have also
reported that HCCs in LkbI(+/—) mice metastasize to the
lungs (10). However, the mechanisms by which LKB1 sup-
presses cancer metastasis have not yet been explored. In this
study, we have investigated the effect of LKB1 on cell motility
whose acquisition occurs in early metastasis (18).

The serine/threonine kinase PAK1 is known as a key regula-
tor of cell motility, proliferation, differentiation, and survival
(19). It can activate diverse signaling pathways, including LIM
motif-containing protein kinase 1, mitogen-activated protein
kinase (MAPK), and NF-«B signaling (20). PAK1 interacts with
the GTP-bound forms of Cdc42 or Rac, which cause PAK1
activation (21). In addition to activation by Cdc42/Rac, its activ-
ity is positively regulated also by other signaling molecules,
including phosphoinositide 3-kinase (22), 3-phosphoinositide-
dependent kinase-1 (23), and AKT (24).

PAKI is overexpressed in various types of cancer, including
breast (25, 26), colon (27), and liver (28) cancers. A high level of
PAK1 expression is correlated with more aggressive tumor
behaviors such as metastatic phenotype and advanced tumor
stages in hepatocellular carcinomas (28) as well as in colorectal
cancer (27). Consistently, overexpression of constitutively
active mutant PAK1 (T423E) helps develop malignant mam-
mary tumors in a transgenic mouse model (29). These results
indicate that PAK1 plays a key role in carcinogenesis and cancer
metastasis. Here, we present evidence that LKB1 inhibits cell
motility and PAK1-mediated signaling through direct phos-
phorylation of PAK1 at Thr'® in the p21-binding domain.
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LKB1 Inhibits PAK1-mediated Signaling

EXPERIMENTAL PROCEDURES

Cell Culture—HCT116 cells and HEK293T cells were main-
tained in low glucose Dulbecco’s modified Eagle’s medium
(Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal
bovine serum (BioWest, Nuaillé¢, France), and 100 units of
penicillin/streptomycin.

Mice—Construction of Lkbl knock-out mice has been
described previously (10). We only used males due to the low
incidence of nodular foci and HCCs in female Lkb1(+/—) mice,
as reported previously. All animal experiments were approved
by the Animal Care and Use Committee of Kyoto University.

Reagents—A mouse monoclonal anti-LKB1 (clone Ley37D/
G6), anti-Myc (clone 9E10) and rabbit polyclonal anti-PAK1
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Rabbit polyclonal anti-phospho-PAK1
(Ser'**)/PAK2 (Ser*!), anti-phospho-PAK1 (Ser’®?/2°%)/PAK2
(Ser®®"), anti-PAK1 and anti-phospho-Vasodilator-stimulated
phosphoprotein (VASP) (Ser?*®) antibodies were from Cell Sig-
naling Technology (Danvers, MA), and rabbit polyclonal anti-
VASP antibody was from EMD Chemicals (Gibbstown, NJ). A
mouse monoclonal anti-B-actin antibody was from Sigma-
Aldrich (St. Louis, MO), and a mouse monoclonal anti-Hemag-
glutinin antibody was from Invivogen (San Diego, CA). Two
different small interfering RNAs against human LKBI1, and
scramble siRNA pools were purchased from Dharmacon, Inc.
(Lafayette, CO).

c¢DNA—The following ¢cDNAs were isolated by standard
PCR-based cloning techniques: human LKB1, NCBI accession
no. NM_000455 and human STRAD, respectively, NCBI acces-
sion no. NM_001003787. HA and FLAG tags were attached to
the N termini of LKB1 and STRAD, as described previously
(17). LKB1 (kinase-dead, a catalytically inactive version of LKB1
with a D194A mutation (30)), was generated with QuikChange
II site-directed mutagenesis kit (Stratagene, La Jolla, CA)
according to the manufacturer’s protocol. Wild-type of PAK1,
constitutively active mutant T423E, and a dominant-negative
mutant H83LH86LK299R were kindly gifted by Dr. Jonathan
Chernoff (Fox Chase Cancer Center). Appropriate PCR prim-
ers were used to generate the point mutants PAK1-T109E and
PAKI1-T109A with the QuikChange II site-directed mutagene-
sis kit. These BamHI/EcoRI fragments were subcloned into
pCMV-Tag 3B (Stratagene), which has an N-terminal Myc tag
and a cytomegalovirus promoter.

PAKI-K299R Lentivirus—The Notl/Sall fragment of pCMV-
Tag3B-PAK1-K299R was subcloned into pLEX vector (Open
Biosystems, Huntsville, AL). Recombinant lentivirus encoding
K299R was prepared according to the manufacturer’s protocol.

Establishment of an LkbI-null Mouse Embryonic Fibroblast
(MEF) Cell Line—Lkb1(+/—) mice (C57BL/6N background)
were crossed with outbred ICR mice, and offspring were inter-
crossed. LkbI-null embryos at 9.5 days post-coitum were
minced, trypsinized briefly, and placed on 24-well plates. These
cells were cultured in RPMI 1640 (Sigma) with 10% (v/v) fetal
bovine serum and 50% (v/v) conditioned medium from the
MEFs that were derived from wild-type embryos at 12.5 days
post-coitum. We obtained a spontaneously immortalized cell
line (MEF3) by continuous passages (>3 months) of the LkbI-
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null MEFs and further established the subclone MEF3-2 cell
line. Finally, we cultured MEF3-2 in Dulbecco’s modified
Eagle’s medium (Sigma) with 10% (v/v) fetal bovine serum.

Recombinant Adenoviruses—Recombinant adenoviruses
were constructed by Adeno-X expression system 1 (Clontech
Laboratories, Mountain View, CA), according to the manufac-
turer’s protocol. The titers of the recombinant adenoviruses
were determined by the method previously reported by others
(31).

Wound-healing Assay—Cells were infected with recombi-
nant adenovirus; after 24 h of infection, wounds were incised by
scratching the cell monolayer using 10-ul pipette tips. Photo-
graphs were taken at 0 and 20 h after the wound was made. Cell
migration was normalized so that 100% represents the migra-
tion distance of control cells.

Transfection—HEK293T cells were transfected with plasmid
DNA ofthe indicated PAK1 and LKB1 expression vectors using
Lipofectamine 2000 (Invitrogen). After 24 h of transfection, cell
lysates were prepared for Western blotting or in vitro kinase
assay. Lipofectamine 2000 RNAIMAX (Invitrogen) was used
for small interfering RNA (siRNA) transfection according to
manufacturer’s protocol.

Recombinant PAK1 Proteins Produced in Escherichia coli—
PAK1-PBD was isolated by standard PCR-based cloning tech-
niques. The PAK1-PBD-T109A mutant was generated with the
QuikChange 1II site-directed mutagenesis kit. To attach GST
protein to PAK1-PBD, PAK1-PBD-T109A, PAK1-K299R, or
PAK1-T109A/K299R was inserted in the BamHI-double
digested pGEX-6P-1 vector (GE Healthcare). pGEX-2TK-
VASP-(158-277) was generated previously (32). 200 ml of
2XYT medium (1.6% tryptone, 1% yeast extract, and 0.5%
NaCl) medium was inoculated with E. coli (BL21 strain) con-
taining the recombinant pGEX-2TK plasmid that encodes
GST-VASP-(158-277), or the recombinant pGEX-6P-1 plas-
mid that encodes GST-PAK1-PBD, GST-PAK1-PBD-T109A,
GST-PAKI1-K299R, or GST-PAK1-T109A/K299R and was
incubated at 37 °C in the presence of 100 pg/ml ampicillin until
Agoo reached 0.8. To induce expression of the GST-tagged pro-
teins, isopropyl-p-thiogalactopyranoside was added at 100 um.
After culture for 24 additional hours at 25 °C, cells were har-
vested, and recombinant proteins were purified as described
previously (17).

Western Blotting—Cells were lysed in the lysis buffer (50 mm
Tris-HCI (pH 7.4), 150 mm NaCl, 5 mm Na,P,0., 10 mm 3-glyc-
erophosphate, 25 mm NaF, 1 mm EDTA, 1 mm EGTA, 1 mMm
Na,VO,, and 1% (v/v) Triton X-100) containing Complete mini
protease inhibitor mixture (Roche Applied Science). Cell
lysates were separated by SDS-PAGE and transferred to Immo-
bilon-P membrane (Millipore, Billerica, MA). After blocking
with Blocking One or Blocking One-P (Nacalai Tesque, Kyoto,
Japan), the membranes were probed with the indicated anti-
bodies. The signals were visualized by Immobilon western
detection system (Millipore) or ECL Western blotting detec-
tion reagents (GE Healthcare).

In Vitro Phosphorylation Assay—Phosphorylation reactions
were performed at 30 °C in the phosphorylation reaction buffer
(50 mm Tris-HCI (pH 7.0), 10 mm MgCl,, 2 mm MnCl,, 5 mm
B-glycerophosphate, 100 um Na;VO,, 1 mm dithiothreitol, and
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FIGURE 1. Knockdown of endogenous LKB1 increases cell migration and PAK1 activity in HCT116 cells. A, knockdown of LKB1 increases cell migration.
HCT116 cells were transfected with two different specific siRNAs against human LKB1. Control cells were transfected with a scrambled (Scr.) siRNA pool. After
24 h of plating, scratches were made with 10-ul pipette tips. Photographs were taken at 0 and 20 h after the wound was made. B, cell migration was normalized
so that 100% represented migration distance of control cells. Error bars indicate S.D. The asterisk indicates significant increases compared with control cells (p <
0.001). C, cellular levels of phospho-PAKT (Ser'**), total PAK1 and in vitro PAK1 activity in LKB1 knockdown HCT116 cells. Lysates were prepared from HCT116
cells transfected with the indicated siRNAs. The levels of phospho-PAK1 (Ser'**) and PAK1 were determined by Western blotting with the indicated antibodies.
Lysates were prepared from HCT116 cells transfected with the indicated siRNAs and immunoprecipitated using an anti-PAK1 antibody. The precipitates were
used for in vitro kinase assays using GST-VASP-(158-277) as a substrate. The phosphorylation of GST-VASP was visualized using BAS-5000 Bio-imaging
Analyzer. D, induction of PAK1-K299R suppressed the increase in migration in LKB1 knockdown cells. The cells transfected with the indicated siRNAs were then
infected with lentivirus lenti-PAK1-K299R or lenti-vector. At 24 h post-infection, cultures were scratches were made with 10-ul pipette tips. Photographs were
taken at 0 and 20 h thereafter. Cell migration was normalized so that 100% represented the migration distance of control cells. Error bars indicate S.D. The
asterisk represents significant increases compared with control cells (p < 0.001).

200 uM ATP). As shown in Figs. 1C and 2B, the immunopre-
cipitates obtained from cell lysates using anti-PAK1 antibody
were incubated with GST-VASP-(158-277) for 20 min. The
reactions were stopped by the addition of 3X sample buffer
(150 mm Tris-HCI (pH 6.8), 6% (w/v) SDS, 0.03% (w/v) brom-
phenol blue, 30% (v/v) glycerol, and 15% (v/v) 2-mercaptoeth-
anol). The anti-Myc immunoprecipitates from HEK293T cell
lysates were incubated with 5 ug of GST-VASP-(158 -277) for
20 min with [y->*P]-ATP (see Figs. 34 and 5). The reactions
were then terminated by the addition of 3X sample buffer. The
samples were electrophoresed on 5-20% SDS-PAGE gels. The
blots were exposed to a phosphor imaging plate (Fujifilm,
Tokyo, Japan). The signals were detected by using BAS-5000
Bio-imaging Analyzer (Fujifilm). All assays using [y->*P]JATP
were done at the Radioisotope Research Center of Kyoto Uni-
versity. Fold induction was determined using NIH Image (ver-
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sion 1.62). Recombinant LKB1/STRAD/MO25 (Millipore) was
preincubated with recombinant PAK1 (EMD Chemicals) in the
presence of ATP for 20 min, and then the reaction mixtures
were incubated with 5 pg of GST-VASP-(158 —277) for 20 min
(see Fig. 3B). The cellular levels of phosphorylated VASP were
detected using an anti-phospho-VASP (Ser**°) antibody.
Statistical Analysis—Results of the experimental studies
were reported as mean *= S.D. Differences were analyzed by
Student’s ¢ test. A value of p < 0.05 was regarded as significant.

RESULTS

Knockdown of Endogenous LKBI Enhances Cell Migration
and PAK1 Activity in HCT116 Cells—W e have reported previ-
ously that HCCs in Lkb1(+/—) mice metastasize to the lungs
(10). Consistently, LKB1 also appears to suppress lung cancer
metastasis (33). To investigate the mechanism(s) by which
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FIGURE 2. Expression of LKB1 in the Lkb7-null MEF cell line (MEF3-2)
inhibits cell migration and PAK1 activation. A, schematic structure of the
adenoviral construct, adapted from Ref. 17. [TR, inverted terminal repeat;
CMV, human cytomegalovirus immediate early promoter; lox, loxP site
sequence; STOP; transcriptional termination cassette; IRES, internal ribosome
entry site; pA, polyadenylation signal. Co-infection with Adv-Cre removed the
STOP cassette from Adv-LKB1. B, cellular levels of PAK1T autophosphorylation,
total PAK1, and in vitro PAK1 activity in LKB1-expressing MEF3-2 cells. MEF 3-2
cells were co-infected with recombinant adenoviruses Adv-Cre and Adv-
LKB1. Control cells were infected with Adv-Cre alone. The levels of phospho-
PAK1 and PAK1 were determined by Western blotting with anti-phospho-
PAK1 (Ser'*)/PAK2 (Ser'*") and anti-PAK1 antibodies, respectively. Lysates
were prepared from MEF3-2 cells infected with the indicated recombinant
adenoviruses and immunoprecipitated using an anti-PAK1 antibody. The
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LKB1 suppressed metastasis of cancer cells, we determined the
effect of LKB1 knockdown on cell migration using a wound-
healing assay. As test cells, we used a human colon cancer cell
line HCT116 that expressed a significant level of LKB1 endog-
enously. HCT116 cells transfected with LKB1 siRNA (1 and 2)
migrated 1.5X faster than those with scrambled siRNA pool
(Fig. 1, A and B, Scr.). Because PAK1 is an important regulator
of cell migration (34), we investigated a possible role of PAK1 in
cell migration enhanced by LKB1 knockdown. To determine
the PAKI activity in LKB1 knockdown cells, we then analyzed
the level of phospho-PAK1 (Ser'**), its active form (35). Knock-
down of LKB1 increased the cellular level of the phosphorylated
PAK1, without affecting that of total PAK1 (Fig. 1C). These
results suggest that knockdown of LKB1 increases the PAK1
activity. To confirm this interpretation, we determined the
effect of LKB1 knockdown on in vitro PAK1 activity. Because
histone H4, a widely used substrate for PAK1, was phosphory-
lated by LKB1 (data not shown), we screened in silico candidate
substrate sequences for PAK1 using the consensus phosphory-
lation motif (K/R)(R/X)(X)(pS/pT)) (34) as a query. As a can-
didate, we identified VASP-(158 —277), which is a major sub-
strate for both PKA and PKG (32, 36). We first verified that
recombinant PAK1 efficiently phosphorylated GST-VASP-
(158 -277) (data not shown). We found that PAK1 activity was
significantly higher in LKB1 knockdown cells than in the con-
trol cells (Fig. 1C). To further investigate whether enhanced
PAKI1 activity contributed to the cell migration increase in
LKB1 knockdown cells, we tested the effect of a dominant-
negative mutant PAK1-K299R in LKB1 knockdown cells. Nota-
bly, expression of PAKI-K299R suppressed the increase in
migration of these cells (Fig. 1D). These results suggest that
LKBI inhibits PAK1 activity, which can suppress cell migration.

Expression of LKBI in Lkb1-null MEFs Inhibits PAK1 Activity
and Cell Migration—To investigate the role of LKB1 in suppres-
sion of PAK1-mediated signaling, we further evaluated the effect
of forced LKB1 expression on PAK1 activation in mouse embry-
onic fibroblasts that lack wild-type LKB1 (MEF3-2). To this end,
we used the recombinant adenovirus encoding LKB1/STRAD
(Adv-LKB1) that contained a transcription termination cassette
(STOP sequence) flanked by the loxP sequences and expressed
LKB1/STRAD by co-infection of MEF3-2 with Adv-Cre, which
removed the STOP sequence from Adv-LKB1. The floxed induc-
ible system was employed because LKB1 had some cytotoxic
effects on host HEK293 cells and hampered production of the
LKB1-expressing recombinant adenovirus. Such cytotoxicity was
not observed with MEF3-2 cells up to 48 h post-induction.
(Fig. 2A) (17). The cells infected with Adv-LKB1 alone showed

precipitates were used for in vitro kinase assays with GST-VASP-(158-277) as
a substrate. The phosphorylation of GST-VASP was visualized and quantified
using BAS-5000 Bio-imaging Analyzer. Error bars indicate S.D. The asterisk
represents significant decreases compared with control cells (p < 0.001).
C, the constitutively active mutant of PAK1 rescues LKB1-induced suppression of
cell migration in MEF3-2 cells. MEF 3-2 cells were co-infected with recombinant
adenoviruses Adv-Cre, Adv-LKB1, and Adv-PAK1-T423E at a multiplicity of infec-
tion of 5, 10, or 20. Control cells were infected with Adv-Cre alone. Cell migration
assays were performed as Fig. 1. Error bars indicate S.D. The asterisk represents
significant changes in Adv-Cre/Adv-LKB1/Adv-PAK1-T423E (5) infected cells
compared with Adv-Cre/Adv-LKB1-infected cells (p < 0.001). Similar results were
obtained in three independent experiments.
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FIGURE 3. LKB1 activity is necessary for suppression of PAK1 activity.
A, the wt LKB1, but not the kinase-dead mutant (KD), inhibits PAK1 activity.
HEK293T cells were co-transfected with the indicated constructs. At 24 h
post-transfection, immunoprecipitates were prepared with an anti-Myc anti-
body. The precipitates were used for in vitro kinase assays using GST-VASP-
(158-277) as a substrate. The kinase activities were visualized using BAS-5000
Bio-imaging Analyzer. Cellular levels of Myc-PAKT and HA-LKB1 were deter-
mined by Western blotting with anti-Myc or anti-HA antibody. B, recombi-
nant LKB1 complex (LKB1-STRAD-MO25) directly inhibits PAK1 activity in vitro
in a dose-dependent manner. The LKB1 complex (LKB1-STRAD-MO25) was
preincubated with recombinant PAK1 and ATP in the absence of any PAK1
substrates, followed by addition of GST-VASP. The phosphorylated VASP was
detected using an anti-phospho-VASP (Ser?*) antibody. Coomassie Brilliant
Blue was used for detection of GST-VASP-(158-277). Similar results were
obtained in three independent experiments.

similar activity of PAK1 to those infected with Adv-Cre alone
(control cells) (Fig. 2B). Notably, forced expression of LKB1/
STRAD by co-infection of Adv-LKB1 and Adv-Cre decreased
the cellular level of the phosphorylated PAK1 but not that of
total PAK1 and inhibited the PAK1 activity by ~60% as com-
pared with that in the control cells infected with Adv-Cre or Adv-
LKB1 alone (Fig. 2B). Furthermore, forced expression of LKB1/
STRAD reduced cell migration in MEF3-2 cells (to 35% of Adv-
Cre alone) (Fig. 2C). To directly test whether LKB1 reduces cell
migration through inhibition of PAK1, we infected MEF3-2 cells
with various multiplicity of infection of the adenovirus encoding
the constitutively active mutant of PAK1 (Adv-PAK1-T423E)
together with Adv-Cre/Adv-LKB1. Co-infection with Adv-PAK1-
T423E has recovered the LKB1-induced reduction of cell
migration in a dose-dependent manner (Fig. 2C). These results
suggest that LKB1 can contribute to the suppression of cell
migration through inhibition of PAKI.

LKBI1 Activity Is Necessary for Suppression of PAKI—PAK1
can be activated by recruitment of the active forms of Cdc42/
Rac and phosphorylation by 3-phosphoinositide-dependent
kinase-1 (19). Thus, we investigated whether the protein kinase
activity of LKB1 was necessary to suppress the PAK1 activation.
HEK293T cells were transiently transfected with PAK1 and/or
LKB1/STRAD expression vector to determine PAK1 activity.
The wild-type LKB1 (wt) inhibited the activity significantly,
whereas the kinase-dead mutant of LKB1 (kinase-dead) did not
affect activity (Fig. 3A4). These results indicated that LKB1 activ-
ity was necessary for PAK1 inhibition. Accordingly, we next
hypothesized that LKB1-mediated phosphorylation of PAK1
reduced its kinase activity. To test the possibility, we preincu-

JUNE 11, 2010+ VOLUME 285-NUMBER 24

LKB1 Inhibits PAK1-mediated Signaling

A T409
PAK1 (wt) I pe0 I «inasc Domain [l
GST-PBD csT [

GST-PBD-T109A GST

GST-PAK1-K299R GST

GST-PAK1-T109A/K299R ~ GST

LKB1/STRAD/MO25
GST-PAK1

N
é; b3
NN NN
4 STRAD FEFE
‘ GST-PBD

FIGURE 4. LKB1 phosphorylates PAK1 in vitro at Thr'%°. A, schematic pres-
entation of PAK1 and its mutant forms. wt PAK1 contains the p21-binding
domain (light gray) and the kinase domain (dark gray). The noncatalytic
domains are in white. Thr'® is a possible phosphorylation site for LKB1.
B, LKB1 phosphorylates GST-PAK1-PBD at Thr'®® in vitro. The recombinant
LKB1 complex (LKB1-STRAD-MO25) was incubated with GST-PBD or GST-
PBD-T109A. C, LKB1 phosphorylates full-length GST-PAK1-K299R and GST-
PAK1-T109A/K299R to a lesser extent. The in vitro kinase assays were
performed using the recombinant LKB1 complex with GST-PAK1-K299R or
GST-PAK1-T109A/K299R. The phosphorylation of the indicated recombinant
proteins was visualized using BAS-5000 Bio-imaging Analyzer. These experi-
ments were repeated at least twice with similar results.

bated recombinant PAK1 with various amounts of LKB1 in the
presence of ATP and then added the substrate of PAK1 to
determine its kinase activity. LKB1 directly inhibited the PAK1
activity in vitro in a dose-dependent manner (Fig. 3B). These
results indicate that LKB1-mediated PAK1 phosphorylation
decreases its kinase activity.

LKB1 Can Phosphorylate PAKI at Thr'®°—To study PAK1
phosphorylation by LKB1 further, we searched the LKB1 sub-
strate amino acid sequence motif “LXT” (5, 37) in full-length
PAKI1. We found an LQT sequence (107-109) within the p21-
binding domain (PBD) in the regulatory region located near the
N terminus of PAK1 (Fig. 4A). To determine whether Thr'% of
PAK1 could be phosphorylated by LKB1, we constructed a
GST-fused PBD recombinant protein (GST-PBD) and its
mutated form in PBD, GST-PBD-T109A (Fig. 4A). Recombi-
nant LKB1 failed to phosphorylate GST-PBD-T109A in vitro,
although it phosphorylated GST-PBD efficiently (Fig. 4B).
Next, we tested whether LKB1 phosphorylated the full-length
PAK1 at Thr'®. To this end, we used a full-length dominant-
negative PAK1 recombinant protein (GST-PAK1-K299R) as
the substrate to minimize the effect of autophosphorylation
and introduced alanine substitution at Thr'®®, GST-PAK1-
K299R/T109A (Fig. 4A). The full-length PAK1 (GST-PAKI-
K299R) was phosphorylated by LKB1 efficiently, whereas the
GST-PAK1-K299R/T109A was at a much reduced level (Fig.
4C). These results suggest that full-length PAK1 can be a sub-
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strate for LKB1 and that Thr'® is a likely target of phosphory-
lation by LKB1, although it is possible that LKB1 phosphory-
lates other residues of PAKI in addition to Thr'®?. To
determine whether LKB1 phosphorylates PAK1 at Thr'®® in
vivo, we performed a series of mass spectrometric analyses of
PAK1 purified from HEK293T cells transiently co-transfected
with plasmids encoding PAK1 and LKB1/STRAD (sup-
plemental Fig. S1). The protonated molecular ions of peptide
LLQTSNITK-(106-114) obtained from tryptic digestion of
wt-PAK1 were detected in its nonphosphorylated form ([M +
H]" at m/z 1017.55) and in its monophosphorylated form
(IM + H]™ at m/z 1097.54). To further confirm the specific
phosphorylation site of the peptide, we used HEK293T cells
co-transfected with plasmids encoding PAK1-T109A and
LKB1/STRAD for another set of mass spectrometric analy-
ses. The molecular ion of LLQASNITK appeared at m/z
987.59 corresponding to the substitution of threonine at res-
idue 109 with alanine. Notably, the corresponding mono-
phosphopeptide was not detected in PAK1-T109A, exclud-
ing phosphorylation at the other Thr or Ser residue of the
peptide. These results are consistent with our interpretation
that LKB1 phosphorylates PAK1 at Thr'®® in vivo.
Phosphorylation of PAKI at Thr'® by LKB1 Reduces Its
Activity—We have demonstrated that the kinase activity of
LKBI is necessary to inhibit that of PAK1 (Fig. 3A). Therefore,
we next investigated whether phosphorylation of Thr'®® by
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FIGURE 5. Phosphorylation of PAK1 at Thr'°° reduces its activity. A, structures of PAK1 constructs. wt PAK1
contains the p21-binding domain (light gray) and the kinase domain (dark gray). The noncatalytic domains are
in white. Also displayed are the constitutively active mutant (T423E), dominant-negative mutant (K299R), L
(T109E), and the nonphosphorylatable mutant for Thr'®® PAK1 activity. Notably,
(T109A). B, the kinase activities of PAK1 mutants. The HEK293T cells were co-transfected with the indicated
constructs. At 24 h post-transfection, the immunoprecipitates were prepared with an anti-Myc antibody. The
precipitates were used for in vitro kinase assays using GST-VASP-(158-277) as a substrate. Cellular levels of
Myc-PAK1 were determined by Western blotting with anti-Myc antibody. C, LKB1 (wt or kinase-dead (KD)) failed
to inhibit the activity of the PAK1-T109A mutant. Cultured HEK293T cells were co-transfected with the indi-
cated constructs. The kinase activities were determined as described under “Experimental Procedures.” Cellu-
lar levels of Myc-PAK1 and HA-LKB1 were determined by Western blotting with anti-Myc or anti-HA antibody.

LKB1 regulated PAK1 activity.
Namely, we constructed a PAK1-
T109E mutant whose amino acid
residue 109 was converted to glu-
tamic acid from threonine. This
substitution mimics the phosphor-
ylation of threonine with the acidic
moiety of glutamic acid. As an inac-
tive (negative) control, we also con-
structed the alanine substitution
PAK1-T109A (Fig. 5A4). We tran-
siently transfected HEK293T cells
with plasmids encoding these con-
structs of PAKI: wt, constitutively-
active (T423E), dominant-negative
(K299R), TI109E, and TI109A,
respectively (Fig. 5A4). We then
determined the in vitro PAK1 activ-
ities in the cell lysates using GST-
VASP-(158-277) as substrate. The
PAK1 mutant T423E showed the
highest activity (2.1X), whereas
mutant K299R with defective kinase
(kinase-dead) had only 2% of the wt-
T109E
mutant showed significantly re-
duced PAKI1 activity (36% of wt),
whereas T109A mutant had a simi-
lar activity to the wt (98%) (Fig. 5B).
These results suggest that phos-
phorylation of PAK1 at Thr'*® de-
creases its kinase activity. To con-
firm the role of phosphorylation at Thr'®® in suppression of
PAK1 activity by LKB1, we next tested nonphosphorylatable
PAK1-T109A in HEK293T cells. Co-expression of LKBI1 failed
to suppress the activity of PAK1-T109A (Fig. 5C), in sharp con-
trast to the effect on wt-PAK1 (Fig. 3A4). These results strongly
suggest that LKB1 suppresses the PAK1 activity by phosphor-
ylating it at Thr'®.

Activation of PAKI in Lkbil(+/—) Mouse HCCs and
Lkbl(—/—) MEFs—We have previously demonstrated that
LkbI(+/—) mice develop HCC after 50 weeks of age and that
HCCs and nodular foci of Lkb1(+/—) liver show loss of the
Lkb1 heterozygosity (10, 11). To test the involvement of LKB1
in PAK1-mediated signaling in vivo, we next determined the
level of phosphorylated form of PAK1 in HCCs of LkbI(+/—)
mice, using two different types of phospho-specific PAK1 anti-
bodies that recognized the active form of PAK1. Notably, we
found that the level of phosphorylated PAK1 was increased in
HCCs (H1 and H2) and in precancerous lesions (nodular foci,
F1 and F2), compared with the normal liver of LkbI(+/—) or
Lkb1(+/+) mice, while the levels of total PAK1 in nodular foci
and HCCs were similar to those in normal liver (Fig. 64). These
results are therefore consistent with the interpretation that loss
of LKB1 induces PAK1 activation. We further investigated the
status of PAK1 activationin Lkb1(—/—) MEFs (MEF3-2) and wt
MEFs. Both the level of phosphorylated PAK1 and in vitro
PAK1 activity were significantly higher in Lkb1(—/—) MEFs

+ + o+
— WT KD

S ems HA-LKB1
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FIGURE 6. Activation of PAK1 in Lkb7(+/—) mouse HCCs and Lkb1(—/—)
MEFs. A, activation of PAK1 in Lkb1(+/—) mice HCCs. Cellular levels of phos-
pho-PAK1, PAK1, and B-actin in tissue lysates were determined by Western
blotting with anti-phospho-PAK1 (Ser'*%), anti-phospho-PAK1 (Ser'99/29%),
anti-PAK1, and anti-B-actin. Two wild-type livers (W1 and W2), pairs of tumor
(H1 and H2), precancerous lesions (F1 and F2) and adjacent normal tissue (N1
and N2) from two Lkb1(+/—) mice were analyzed. B, increased PAK1 activity
in Lkb1(—/—) MEFs. Cellular levels of phospho-PAK1, PAK1, and B-actin in
tissue lysates were determined by Western blotting with the indicated anti-
bodies. For in vitro kinase assay, cell lysates were prepared from MEF cells and
immunoprecipitated using an anti-PAK1 antibody. The precipitates were
used for in vitro kinase assays using GST-VASP-(158-277) as a substrate. The
phosphorylation of GST-VASP was visualized using BAS-5000 Bio-imaging
Analyzer. Similar results were obtained in three independent experiments.

than those in wt MEFs (Fig. 6B). These data together suggest
that loss of LKB1 contributes to the activation of PAK1.

DISCUSSION

In this study, we have provided evidence that LKB1 inhibits
PAKI1 activation by direct phosphorylation of PAK1 at Thr'®.
We first showed that knockdown of LKB1 increased cell migra-
tion and PAKI activity in HCT116 cells (Fig. 1), whereas intro-
duction of LKB1 in Lkb1-null MEFs reduced cell migration and
PAKI activity simultaneously (Fig. 2). Notably, a constitutively
active mutant of PAK1 (PAK1-T423E) recovered the LKB1-
mediated reduction of cell migration in a dose-dependent man-
ner (Fig. 2C). Because HCCs in LkbI(+/—) mice can metasta-
size to the lung (10), it is conceivable that inhibition of PAK1 by
LKBI contributes to suppression of cancer metastasis. We also
demonstrated that LKB1 directly phosphorylated PAK1 at
Thr'%® both in vitro (Fig. 4) and in vivo (supplemental Fig. S1).
Importantly, the phosphomimetic PAK1-T109E mutation
reduced its activity (Fig. 5B), whereas the activity of a nonphos-
phorylatable mutant PAK1-T109A was not suppressed by
LKBI1 (Fig. 5C). These results indicate that phosphorylation of
Thr'® is both necessary and sufficient for inhibition of PAK1
activity by LKB1, although it is possible that LKB1 phosphory-
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lates other residues of PAK1 in addition to Thr'®® (Fig. 4C).
Consistently, we found that active forms of PAK1 were
increased in the nodular foci and HCCs in Lkb1(+/—) mice,
compared with the normal liver of Lkb1(+/—) and LkbI(+/+)
mice (Fig. 64).

Our present results indicate that PAK1 is a novel LKB1 sub-
strate. So far, 14 kinases have been identified as LKB1 sub-
strates, including AMPKal, AMPKa2, MARK1, and MARK2.
LKB1 phosphorylates these kinases at the LXT motif in the
activation loop (5, 37), and such phosphorylations can induce
kinase activation. In contrast, LKB1-induced phosphorylation
of PAK1 at Thr'® in the LXT motif of PBD causes a decrease in
the kinase activity (Fig. 5B). Because this motif is well conserved
among group I PAKs (PAK1, PAK2, and PAK3), it is likely that
regulation of the PAK1 activity by LKB1 applies to PAK2 and
PAKS3 as well. According to the structural analysis of PAK1,
Thr'®? is located at the helix loop I« in an inhibitory switch (38)
and exposed to the outer space. In addition, the L107F mutation
of PAKI1 prevents the interaction between the autoinhibitory
region and the C-terminal catalytic region, making the consti-
tutively active kinase (39). Because this mutant lacks the LXT
motif, the constitutive activation is likely due to the loss of neg-
ative regulation by LKB1. We therefore speculate that the phos-
phorylation of this Thr residue enhances the interaction
between the autoinhibitory (N-terminal regulatory) and kinase
domains, leading to inhibition of the PAK1 activity. Further
experiments are required to elucidate the precise role of Thr'%®
phosphorylation in PAK1 conformation.

It has been reported recently that LKB1 maintains cancer cell
polarity by recruiting Cdc42 to the leading edges and that inhi-
bition of LKB1 reduces PAK1 autophosphorylation (40). In
contrast, we have found that LKB1 suppresses PAK1 activity by
direct phosphorylation. The reason for the discrepancy is not
clear but may be related to the methods used to overexpress
LKB1 (transient transfection of LKB1 expression vector alone
versus co-infection of LKB1 with STRAD using adenovirus vec-
tor) or the cell context, genetic constitution such as p53
mutation status (non-small cell lung cancer cells (p53
mutant) versus HEK293T or LkbI-null MEFs (wt-p53)).
Notably, LKB1 plays key roles in growth arrest or apoptosis
through a p53-dependent mechanism (41, 42). Thus, it is
conceivable that LKB1-mediated PAK1 inhibition may be
dependent on the p53 status.

Numerous PAK1 substrates and/or interacting proteins have
been identified that activate diverse signaling processes
involved in cell motility, morphology, growth, survival, and epi-
thelial-mesenchymal transition (19). For example, PAK1 stabi-
lizes microtubules through stathmin/Op18 phosphorylation
(43, 44). Therefore, LKB1 also may contribute to microtubule
destabilization by regulating PAK1l, whereas we have
reported previously that LKB1 inhibits tubulin polymeriza-
tion through activation of MARK2 (17). Further investiga-
tion is needed to address the role of LKB1 in various down-
stream processes of PAK1 other than cell motility. In
conclusion, our present results suggest that PAK1 is a novel
downstream target of LKB1, and that LKB1-mediated PAK1
phosphorylation may play important roles in tumor suppres-
sion in the liver.
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