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ERK/MAPK Activation and Cell Migration™
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The Racl/Cdc42 effector, p21-activated kinase (PAK), is acti-
vated by various signaling cascades, including receptor-tyrosine
kinases and integrins, and regulates a number of processes such
as cell proliferation and motility. PAK activity has been shown
to be required for maximal activation of the canonical RAF-
MEK-MAPK signaling cascade, possibly because of PAK co-ac-
tivation of RAF and MEK. Here we have shown that trihydro-
phobin 1 (TH1), originally identified as a negative regulator of
A-RAF kinase, also interacted with PAK1 in cultured cells. Con-
focal microscopy assay indicated that TH1 colocalized with
PAK]1 in both the cytoplasm and nucleus, which is consistent
with our previous results. GST pulldown and coimmunoprecipi-
tation experiments demonstrated that TH1 interacted directly
with PAK1 and bound selectively to the carboxyl-terminal
kinase domain of PAKI, and the ability of the binding was
enhanced along with activation of PAK1. The binding pattern of
PAK]1 implies that this interaction was mediated in part by PAK1
kinase activity. As indicated by in vitro kinase activity assays and
Western blot detections, TH1 inhibited PAK1 kinase activity and
negatively regulated MAPK signal transduction. Interestingly,
TH1 bound with MEK1/ERK in cells and in vitro without directly
suppressing their kinase activity. Furthermore, we observed that
TH1 localized to focal adhesions and filopodia in the leading edge
of cells, where TH1 reduced cell migration through affecting actin
and adhesion dynamics. Based on these observations, we propose a
model in which TH1 interacts with PAK1 and specifically restricts
the activation of MAPK modules through the upstream region of
the MAPK pathway, thereby influencing cell migration.

p21-activated kinases (PAKs),> mammalian homologues of
Ste20-like Ser/Thr protein kinases, are the effector for Racl and
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Cdc42 (1-3). Members of the PAK family have been implicated
in a variety of intracellular signaling events, including cell
cytoskeleton rearrangement, proliferation, differentiation,
transformation, apoptosis, cell cycle progression, and cell
migration (2). Based on their structures, the PAK family can be
grouped into two subfamilies: group A (PAK1-3), which can be
activated by small GTPases such as Rac-GTP or Cdc42-GTP
binding (2); and group B (PAK4—6), which can interact with
Cdc42-GTP but cannot be activated by this binding (2, 4). Out-
side of the kinase- and GTPase-binding domains, group BPAKs
are quite different from group A, and their regulation may be
distinct (5). From the crystal structure of PAK1 (6), it appears
that the inactive state exists as autoinhibited dimers. Upon
GTPase binding, PAK1 undergoes a conformational change
that separates the autoinhibitory domain from the kinase
domain (7). This induces kinase activity and autophosphoryla-
tion at several sites, including the Thr-423 site in the activation
loop to stabilize the active state (8, 9). In resting cells, PAK1 is
localized primarily to the membrane structure within the cyto-
plasm (10); however, activated PAK1 translocates to focal adhe-
sions and membrane ruffles (11). Overexpression of constitu-
tively activated PAK1 mutants induces dissolution of actin
stress fibers and focal adhesions and increases membrane pro-
trusions, cell polarization, and cell motility (12-15). Con-
versely, in endothelial cells, overexpression of active PAK1
results in decreased cell migration and stabilization of actin
stress fibers and focal adhesions (16). These effects are medi-
ated through the action of PAK1 on cytoskeletal regulatory pro-
teins such as LIM kinase (17), myosin light chain kinase (18),
filamin A (19), and Op18/stathmin (20). In addition, the activa-
tion of the ERK/MAPK is considered to direct the migration of
numerous cell types (21-24). Recent studies indicate that PAK1
activity plays important roles for activation of the MAPK sig-
naling pathways (25-27). However, the exact mechanism of
PAKI1 regulation in these pathways is not so clear.

The human trihydrophobin 1 (TH1) gene is the homologue
of Drosophila TH1, which was originally identified during the
positional cloning of mei-41 (28, 29). The TH1I gene lies adja-
cent to mei-41 and was characterized further by Bonthron et al.
(30) in 2000. According to their studies, THI is highly con-
served from Drosophila to human, as shown by sequence com-
parison, and is located in chromosome 20q13, which had a tran-
script product of 2.4 kb. Northern blots showed that THI is
widely expressed in multiple tissues. The human TH1 protein
has been predicted to have a molecular mass of 65.8 kDa and
display high levels of expression in cardiac and skeletal muscle,
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kidney, adrenal, and thyroid. Although highly conserved and
ubiquitously expressed, human TH1 is not well understood in
terms of its function. Recently, data from our laboratory indi-
cate that TH1, as a new negative regulator of A-RAF kinase in
MAPK signal transduction pathways, can specifically bind to
A-RAF and inhibit its kinase activity (31). TH1 also interacts
with human papilloma virus E6-associated protein (E6AP) and
induces ubiquitin-dependent proteolysis (32). In addition, it is
also found to be identical to NELF-C/D, an integral subunit of
the human negative transcription elongation factor (NELF)
complex (33). Although our understanding of the function of
TH1 has advanced, little is known about the relationship
between TH1 and PAKI.

We report here that TH1 interacted with PAK1 in cell and in
vitro, and the ability of the binding was enhanced along with the
activation of PAK1. TH1 bound selectively to the carboxyl-ter-
minal kinase domain of PAK1 and inhibited the ability of PAK1
to phosphorylate substrate, thereby reducing MAPK signal
transduction. Finally, our wound healing assay and Boyden
chamber assay showed that overexpression of TH1 inhibited
ERK/MAPK-driven cell migration. This suggests that TH1
specifically restricted the activation of MAPK modules
through the upstream of MAPK pathway, thereby influenc-
ing cell migration.

EXPERIMENTAL PROCEDURES

Cell Culture—293T, HeLa, NIH3T3, and COS-1 cells were
obtained from the Institute of Cell Biology Academic Sinica and
cultured in DMEM supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin at 37 °C in 5% CO.,,

Reagents and Antibodies—Protein G-agarose and anti-GFP
antibody were purchased from Roche Applied Science.
[y-**P]ATP (>3000 Ci/mm) and the ECL assay kit were from
Amersham Biosciences. Leupeptin, aprotinin, and phenyl-
methylsulfonyl fluoride were purchased from Sigma. Antibod-
ies against PAK1, ERK1/2, phospho-MEK1 (Ser-298), phos-
pho-ERK (E-4), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and HA peptide were from Santa Cruz Biotechnol-
ogy. Antibody against phospho-PAK1 (Thr-423) was from Cell
Signaling. Antibodies against paxillin were from Abcam. Anti-
bodies against Myc, recombinant human epidermal growth fac-
tor (EGF), the vector pcDNA3.0, myelin basic protein, and
Lipofectamine™ 2000 reagents were from Invitrogen. TH1
antiserum was raised against GST-TH1 protein purified from
Escherichia coli. Other reagents were commercially available in
China.

Plasmids—Full-length TH1 expression plasmids were con-
structed as described previously (31). Myc-PAK1 WT, Myc-
PAK1 T423E, and Myc-PAK1 K299R (provided by J. Chernoff)
were amplified by PCR and cloned into the Sall/BamHI site of
pEGFP-N3 vector or the Sacl/BamHI site of pDsRed-Ex-
press-C1 vector (Clontech). AU5-cdc42 and Myc-tagged Racl
(T17N) were gifts from G. Bokoch. All of the generated
sequences and plasmids were confirmed by sequencing.

Immunoprecipitation and Immunoblot Assays—Twenty-
four h after transfection, cells were washed three times with
ice-cold PBS and lysed with 0.5 ml of IP lysis buffer (50 mm
Tris-HCI, pH 7.5, 150 mm NaCl, 0.1% Nonidet P-40, 5 mm
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EDTA,5mMEGTA, 15 mm MgCl,, 60 mm B-glycerophosphate,
0.1 mm sodium orthovanadate, 0.1 mm NaF, 0.1 mm benzamide,
10 wg/mlaprotinin, 10 ug/mlleupeptin, 10 ug/ml phenylmeth-
ylsulfonyl fluoride) for 1.5 h at 4 °C. Detergent-insoluble mate-
rials were removed by centrifugation at 12,000 rpm for 10 min
at 4 °C. The whole cell lysates were incubated with control rab-
bit normal IgG (Santa Cruz Biotechnology) or the relevant anti-
body at 4 °C for 1 h. Pre-equilibrated protein G-agarose beads
(Roche Applied Science) were then added, collected by centrif-
ugation after 1 h of incubation, and then gently washed three
times with the lysis buffer. The cell lysates containing recombi-
nant protein were incubated with specific antibodies and pro-
tein G-agarose beads at 4 °C. The precipitates were washed
three times with ice-cold lysis buffer. The bound proteins were
eluted by boiling in SDS sample buffer and resolved on a 10%
SDS-polyacrylamide gel. The proteins were transferred onto a
polyvinylidene difluoride membrane and probed with a 1:1000
dilution of the relevant antibodies. Then the proteins were
detected using the ECL assay kit.

GST Pulldown Assay—GST-TH1 was purified from bacterial
lysates using glutathione-agarose beads (Amersham Bio-
sciences). His-tagged PAK1 protein was purified from E. coli
using a nickel-Sepharose high performance column (GE
Healthcare). HA-tagged PAK1 and its deletion mutations were
expressed in 293T cells for 24 h. Cells were lysed with 0.5 ml of
IP lysis buffer for 1.5 h at 4 °C. Detergent-insoluble materials
were removed by centrifugation at 12,000 rpm for 10 min at
4. °C. The whole cell lysates were incubated with 10 ul (about 10
pg) of GST-THI fusion protein and rotated for 3-5 h at 4 °C.
The beads were then washed three times with lysis buffer. The
beads were resuspended in SDS-PAGE sample buffer, boiled for
8 min, electrophoresed on a 15% SDS-polyacrylamide gel, and
analyzed by Western blot. An in vitro binding assay was also
performed as follow. Namely, purified GST-TH1 and His,-
PAK]1 proteins were incubated in IP buffer at 4 °C, and then
GST pulldown was performed.

Kinase Activity Assay—To evaluate PAK1 activity, 293T cells
were transfected with various gene plasmids or with vector.
After 24 h of incubation in DMEM containing 10% FBS, the
cells were serum-starved for 8 =20 h and then stimulated with
or without 20% FBS for 15 min. The cells were washed three
times with ice-cold PBS and lysed at 4 °C in IP lysis buffer. Equal
total protein was immunoprecipitated with 2 ug of anti-GFP
antibody or anti-PAK1 antibody at 4 °C overnight. The beads
were washed twice in lysis buffer and twice in kinase buffer (50
mM HEPES, pH 7.5, 10 mm MgCl,, and 2 mm MnCl,). Kinase
assays were performed in 30-ul reactions with 25 mm ATP, 10
uCi of [y->?P]JATP, and 20 ug of myelin basic protein. After
incubation at 30 °C for 30 min, the reactions were stopped by
the addition of 8 ul of 5X sample buffer, boiled, separated by
15% SDS-PAGE, and analyzed using autoradiography. Similar
assays were used to measure the activity in immunoprecipitates
of MEK1 and ERK from 293T cells.

Confocal Microscopy—COS-1 or HeLa cells grown to 50%
confluence on coverslips were transiently transfected with GFP
or GFP-TH1 along with RFP-PAK1 or RFP-THI1. After 24 h of
transfection, cells were washed with PBS, fixed in 4% formalde-
hyde, permeabilized in 0.2% Triton X-100/PBS, and blocked in
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FIGURE 1. Interaction of TH1 and PAK1 in cells. A and B, coimmunoprecipitation of TH1 and PAK1. 293T cells were cotransfected with HA-TH1, vector, and
GFP-PAKT. 24 h after transfection, the cells were lysed, and the tagged proteins were immunoprecipitated with 2 ug of anti-HA or anti-GFP antibody.
Anti-GFP or anti-HA antibody was used to detect the protein expression of transfected genes in whole cell extracts. C, interaction of endogenous TH1
and PAK1.Hela cells were lysed in IP buffer, and lysates were immunoprecipitated with an agarose-conjugated rabbit anti-TH1 serum or a control
agarose-conjugated IgG overnight at 4 °C. Immunoblots (/B) were probed with a polyclonal anti-PAK1 antibody. D, colocalization of TH1 and PAKT in
both the nucleus and the cytoplasm. COS-1 cells, which were cultured on coverslips, were transiently transfected with RFP-PAK1 and GFP-TH1 or GFP.
24 hlater, the cells were immobilized and observed using a confocal fluorescence microscope. Normal, colocalization of GFP-TH1 and RFP-PAK1; Control,
no colocalization of GFP and RFP-PAK1. GFP fluorescence is shown in green; RFP fluorescence is shown in red; an overlay image is shown in yellow; the
nucleus (stained with Hoechst) is shown in blue; cell morphology is shown in phase contrast. Scale bar: 10 um. Data are representative of three to four
independent experiments.

1% bovine serum albumin for 1 h at room temperature. The
coverslips were stained with anti-paxillin antibody for 2 h at
room temperature or overnight at 4 °C followed by incubation
with Cy5-conjugated goat anti-mouse secondary antibody for
1 h at room temperature. Cells were washed three times with
PBS, stained for F-actin and DNA with fluorescein isothiocya-
nate-phalloidin (5 ng/ml) and Hoechst 33258 (50 pg/ml) solu-
tion, respectively, in a dark chamber. The coverslips were
washed as described above, inverted, mounted on slides, and
examined in a Zeiss or Leica TCS SP5 confocal microscope.
RNA Interference—RNA interference was undertaken using
the pSilencer2.0 vector (Ambion Inc.). RNA interference target
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sequences were selected from the human THIL sequence (Gen-
Bank™ accession number NM_198976). Target oligonucleotides
were synthesized (5" -GATCCGCAGAATTGAGCACACTTTA-
TCGAAATAAAGTGTGCTCAATTCTGCTTTTTTGGAA-
A-3" and 3'-GCGTCTTAACTCGTGTGAAATAGCTTTATT-
TCACACGAGTTAAGACGAAAAAACCTTTTCGA-5),
annealed, and cloned into pSilencer vector between the BamHI
and HindlIII sites. For shRNA expression, HeLa cells were trans-
fected with non-targeting shRNA vector or vector encoding TH1
shRNA, and 24 h later the cells were treated.

Wound Healing Assay and Boyden Chamber Assay—An in
vitro wound healing assay and Boyden chamber assay were per-
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FIGURE 2. Direct interaction of TH1 and PAK1 and identification of the TH1 binding site on PAK1. A, Jeft
panel, Coomassie staining of purified GST-TH1 and GST proteins used in in vitro interaction assays is shown.
Right panel, Western blot with anti-His antibody to determine the expression of purified Hiss-PAK1 protein.
B, direct interaction of TH1 and PAK1. Purified GST-TH1 and GST proteins were mixed with purified Hiss-PAK1
protein. As compared with GST, recombinant GST-TH1 fusion proteins were pulled down by GSH beads, and
Hise-PAK1 protein in the complex were examined with anti-PAK1 antibody. C, schematic diagram of deletion
mutations of PAK1. Constructs were made by polymerase chain reaction, and PCR products were subcloned
into pcDNA3.0-HA (region and residue numbers are indicated). The column on the right summarizes whether
constructs did (+) or did not (=) bind to TH1. D, TH1 binds to the carboxyl-terminal kinase domain of PAK1.
HA-tagged full-length PAK1 or M1 (aa 1-394), M2 (aa 271-545), or M3 (aa 1-270) were expressed in 293T cells.
Cells were lysed, and the lysates were incubated with GST or GST-TH1 fusion proteins. As compared with GST,
recombinant GST-TH1 fusion proteins were pulled down by GSH beads, and HA-PAK1 mutations in the precip-
itates were probed with anti-HA antibody. The relative amounts of GST fusion protein and HA-PAK1 mutations
were also examined by immunoblotting with anti-GST antibody. Data are representative of three independent
experiments.

formed as described previously (34,
35). Briefly, HeLa cells in DMEM
containing 10% FBS were seeded
into wells of 6-well plates. After the
cells grew to confluency, wounds
were made with sterile pipette tips.
Wells were rinsed three times with
DMEM without serum, and media
containing 10% FBS and 100 ng/ml
EGF were added. After overnight
incubation at 37 °C, cells were fixed
with 4% formaldehyde, stained with
0.1% crystal violet, and photo-
graphed. Cell migration assay was
performed using Boyden chambers
(tissue  culture-treated, 6.5-mm
diameter, 10-um thickness, 8-um
pores; Transwell®, Costar Corp.,
Cambridge, MA) containing poly-
carbonate membranes. Serum-
starved cells were trypsinized and
counted. Then 100 wlof 1 ~ 3 X 10°
cells in serum-free medium was
added to the upper chamber, and
600 ul of the appropriate medium
with 10% FBS or 100 ng/ml EGF was
added to the lower chamber. The
Transwell was incubated for 12-18
h at 37 °C. Nonmigratory cells on
the upper membrane surface were
removed with a cotton swab, and
the migratory cells on the undersur-
face of the membrane were fixed
and stained with 0.1% crystal violet
for 20 min at room temperature.
Photographs of three random
regions were taken, and the number
of cells was counted to calculate the
average number of cells that had
transmigrated.

RESULTS

THI1 Interacts with PAKI in
Cells—Previous studies on the bio-
logical function of TH1 and PAK1 in
the RAF-MEK-MAPK pathway sug-
gested a functional linkage between
TH1 and PAK1 (25, 27, 31). To
determine whether the link was
physical, the interaction of TH1 and
PAKI1 was examined. We expressed
GFP-tagged PAK1 and HA-tagged
TH1 in 293T cells. Although an
anti-GFP antibody coimmunopre-
cipitated HA-TH1 in GFP-PAK1
and HA-TH1 cotransfected cells,
this antibody did not coimmuno-
precipitate HA-TH1 in control cells
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FIGURE 3. TH1 inhibits PAK1 kinase activity. A, TH1 inhibits T423E PAK1
activity. Immunoprecipitates were made from 293T cells transfected with the
indicated constructs. Top panel, the immunoprecipitates were used in in vitro
kinase assays using myelin basic protein (MBP) as a substrate. Middle panel,
lysates were blotted with anti-HA antibody. Bottom panel, lysates were blot-
ted with anti-GFP antibody. B, TH1 inhibits serum-stimulated endogenous
PAK1 activity. Immunoprecipitates were made from 293T cells transfected
with HA-TH1,RAC1T (Q61L), or PCDNA3.0.The cells shown in lanes 2 and 3 were
starved for 8-16 h and stimulated with 20% serum for 15 min. Top panel,
immunoprecipitates were used in in vitro kinase assays as described in A.
Middle panel, lysates were immunoblotted (/B) with anti-HA antibody. Bottom
panel, lysates were blotted with anti-PAK1 antibody. C, TH1 inhibits Thr-423
phosphorylation of PAK1. 293T cells were cotransfected with GFP-PAK1 and
HA-TH1 or PCDNAS3.0. At 24 h after transfected, the cells were starved for 8 h
and then stimulated with or without 20% serum for 15 min. The lysates were
used to immunoprecipitate with anti-GFP antibody, and the immunoprecipi-
tates were used to detect the phospho-PAK1 (Thr-423) level. The gene expres-
sion level in the lysates was also blotted with the relevant antibody. Data are
representative of three to four independent experiments.

cotransfected with HA-TH1 and GFP vector or with HA vector
and GFP-PAK1 (Fig. 14). Conversely, anti-HA antibody also
coimmunoprecipitated GFP-PAK1 in GFP-PAK1 and HA-TH1
cotransfected 293T cells (Fig. 1B). Supporting the importance
of this interaction, TH1-PAK1 association also took place
between endogenous proteins as well as during protein overex-
pression. Thus immunoprecipitation of endogenous TH1 from
HeLa cells resulted in coimmunoprecipitation of endogenous
PAK1 (Fig. 1C).
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FIGURE 4. TH1 binds with active PAK1 strongly and impairs MAPK signal
transduction. A, TH1 binds with active PAK1 strongly. GFP-PAK1 WT, PAK1
T423E, and PAK1 K299R were each transfected into 293T cells with HA-TH1.
Cells were serum-starved for 16-24 h and then with or without EGF stimula-
tion (100 ng/ml for 15 min). Coimmunoprecipitations were performed with
anti-HA antibody. B, binding of TH1 and PAK1 increases with enhanced acti-
vation. 293T cells cotransfected with GFP-PAK1 WT and HA-TH1 were serum-
starved and stimulated under different conditions as indicated. coimmuno-
precipitations were performed with anti-HA antibody. C, overexpression of
TH1 suppresses MEK1 Ser-298 phosphorylation and ERK phosphorylation.
293T cells were transfected with HA-MEK1 together with myc-TH1 or vector.
Then cells were serum-starved for 8 h and stimulated with or without 20%
serum for 15 min. Anti-HA immunoprecipitates were analyzed and blotted
with anti-pSer-298 MEK1 or anti-HA antibody. Cell lysates were also blotted
with antibodies against phospho-ERK, total ERK, Myc-TH1, and HA-MEK1,
respectively. Data are representative of three to four similar experiments.

To further confirm the above results, we examined subcellu-
lar localization of TH1 and PAK1 using confocal fluorescence
microscopy analysis. We selected COS-1 cells to transfect with

VOLUME 284 -NUMBER 13+MARCH 27, 2009



TH1 Inhibits ERK/MAPK-driven Cell Migration

A o & 6 45 P s
NS W D) @0 ) o
Input — popve Myc Input IP: Myc T PMye Myc Input
Anti-MEK1 mAb Control mAb
g aMyc Mye-TH1
o LLA L Vo THT
GST pull-down A GST pull-down .\ﬂ
b "x:«\ Input o?
Input ¢ @
IB:a HA HA-ERK
HA-MEK1 HA-ERK
E Serum deprivation+EGF
MEK1 p-MEK1 HA-MEK1
precipitates precipitates precipitates

0 02 2 0 02 2 . 0 02 2' Purified TH1(ug)

TH1
GST-ERK(KD)
Commasie R250 dying
F Serum deprivation+EGF
ERK p-ERK HA-ERK
precipitates precipitates precipitates

0 02 2 0 02 2 0 0.2 2 Purified TH1{ug)

I 32p-MBP
A 'y e a

MBP

Commasie R250 dying

FIGURE 5. TH1 binds with MEK1/ERK but does not directly inhibit their kinase activity. A and B, interaction
of TH1 with MEK1/ERK. 293T cells were transfected with myc-TH1 or vector. At 24 h after transfected, the cells
were lysed, and the tagged proteins were immunoprecipitated with 2 pg of anti-Myc antibody. Immunoblots
(IB) were probed with an anti-MEK1 antibody, an irrelevant monoclonal antibody (mAb), or an anti-ERK1 anti-
body. Cand D, in vitro interaction of TH1 with MEK1 and ERK1. GST or GST-TH1 fusion proteins were incubated
with the lysates from cells transfected with HA-MEK1 or HA-ERK1. Then GST pulldown assays were performed,
and the precipitates were probed with an anti-HA antibody. £ and F, TH1 did not directly inhibit the kinase
activity of MEK1/ERK. Cells were serum-starved and stimulated with EGF. MEK1, p-MEK1, and HA-MEK1 precip-
itates were prepared by anti-MEK1, anti-pMEK1, and anti-HA antibodies. These precipitates were tested for
their kinase activity using purified GST-ERK1 protein as a substrate. In in vitro kinase activity assays, different
weight of purified TH1 protein (0, 0.2, and 2 ug) was added. A similar method was used to measure the activity
of ERK. Data are representative of three to four independent experiments.

both the cytoplasm and nucleus
(Fig. 1D, Normal). Taken together,
these data indicate that TH1 inter-
acts with PAK1 in cultured cells.

TH1 Interacts Directly with PAK1
in Vitro—To ascertain whether
TH1 interacts directly with PAK1,
recombinant proteins GST-TH1
and His,-tagged PAK1 were puri-
fied from E. coli (Fig. 2A), and an in
vitro binding assay was conducted
in a cell-free system. The purified
recombinant protein Hisg-PAK1
was incubated with GST-TH1 or
GST fusion protein. Glutathione-
agarose beads were used to pull
down GST or GST-TH1 from the
formed complex. Western blots
with anti-PAK1 antibody revealed
that PAK1 interacted only with
GST-TH1 but not GST (Fig. 2B).
These results demonstrate that TH1
formed a complex with PAKI in a
cell-free system.

TH1 Binding Site Is Located in the
Carboxyl-terminal Kinase Domain
of PAKI—The regulatory domain of
PAKI1 spans residues 1-248 of its
amino terminus, whereas amino
acids 248 —545 comprise the kinase
domain. The kinase domain of
PAK1 is structurally composed of
two lobes. The small lobe mainly
involves binding to ATP, and the
large lobe provides a binding site for
peptide substrates (Fig. 2C). A phos-
photransfer reaction was achieved
by coordination between the two
lobes of the kinase domain and their
interaction with substrates. To
determine where the TH1-binding
domain resided on PAK1, we ini-
tially engineered constructs encod-
ing aa 1-394, the amino-terminal
regulatory region (aa 1-270), and
the  carboxyl-terminal  kinase
domain (aa 271-545) and expressed
them in 293T cells. Then, the whole

pEGFP-THI1 or pEGFP-N3 along with pDsRed-PAK1, respec-
tively. At exactly 24 h after transfection, the cells were fixed and
analyzed under confocal microscopy. As shown in Fig. 1D, in
control cells, GFP was distributed in whole cellular compart-
ments, especially in the nucleus, whereas red fluorescent pro-
tein-fused PAK1 (RFP-PAK1) was widely distributed in the
cytoplasm, and there was no colocalization between GFP and
RFP-PAKI1. However, in cells coexpressing GFP-TH1 and RFP-
PAK1, we observed that the double-transfected cells contained
yellow granules, indicating colocalization of TH1 and PAK1 in

AV N
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cell lysates were incubated with E. coli-expressed GST-TH1 or
GST fusion protein to perform the in vitro binding assay. As
shown in Fig. 2D, a GST pulldown assay showed that TH1 could
bind directly with M1 (aa 1-394) and M2 (aa 271-545), whereas
no binding with M3 (aa 1-270) was detected. Thus, the carbox-
yl-terminal 271-545 amino acids of PAK1 were necessary and
sufficient for the interaction of TH1.

Overexpression of TH1 Inhibits PAKI Kinase Activity—Be-
cause TH1 preferentially associates with the carboxyl-terminal
kinase domain of PAK1, we hypothesized that TH1 could influ-
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FIGURE 6. TH1 localizes to focal adhesions and affects actin and adhesion dynamics. A, localization of TH1 and its effects on focal adhesions and actin
cytoskeleton. Serum-starved Hela cells transfected with RFP-TH1 were stimulated or not by serum-containing full medium with EGF for 15 min or 6 h.
Thereafter, immunofluorescence analysis was performed using the fluorescent signals of RFP (red), fluorescein isothiocyanate-conjugated phalloidin (green),
and a mouse anti-paxillin monoclonal antibody (blue). An overlay of the three fluorescent signals, in which a magenta color is generated in areas of colocal-
ization, is shown in the rightmost column. The arrows indicate stress fibers, and arrowheads indicate TH1-containing focal adhesions. In retracting regions of
these cells, paxillin was left behind on the substrate (top row, arrowheads). By contrast, in normal group cells, paxillin was seldom detected on the substrate as
the rear of the cell retracted. Scale bars: 10 um. B, effects of TH1 on actin cytoskeleton organization. Serum-starved Hela cells transfected with RFP-TH1,
shVECTOR, or shTH1 were stimulated or not by serum-containing full medium with EGF for the indicated time prior to immunofluorescence analysis. The
fluorescent signals of actin (green) and paxillin (blue) are shown. For ease of analysis, these pictures were rearranged separately according to actin cytoskeleton
(B) and focal adhesions (C). Scale bars: 10 um. C, effects of TH1 on focal adhesions. The arrows indicate the representation of the focal adhesions Data are

representative of three to four independent experiments.

ence PAK1 kinase activity. To verify the hypothesis, 293T cells
were transiently transfected with GFP-PAK1 WT, GFP-PAKI-
K299R (a kinase-dead version of the protein (36, 37)), the active
PAK1 mutant, GFP-PAK1-T423E (the threonine to glutamic
acid substitution mimicked the phosphorylation of Thr-423
and partially activated the kinase (2, 8, 37)) along with HA-TH1
or vector. At 24 h after transfection, the cells were serum-
starved for 16 h. The immunoprecipitated PAK1 proteins were
tested for kinase activity using myelin basic protein as a sub-
strate. As shown in Fig. 34, the kinase activity of the active
mutant PAK1-T423E was inhibited by TH1, whereas the kinase
activity of PAK1 WT disappeared under serum-starved condi-
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tions. These data also suggest that TH1 directly affected PAK1
itself to lead to the inhibition of PAK1 kinase activity instead of
the blockade of the signaling pathway leading to PAKI1
activation.

To further study whether the overexpression of TH1 also
inhibited the endogenous PAKI kinase activity in cells, we
transfected 293T cells with the active mutant Racl (Q61L) and
HA-THI or vector. Immunoprecipitated endogenous PAK1
proteins were subjected to in vitro kinase assays. As seen in Fig.
3B, serum stimulation strongly increased PAK1 kinase activity,
whereas overexpression of TH1 blocked the increase in PAK1
activity.
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Because threonine 423 phosphorylation of the PAK1 is crit-
ical for the conformational change of the activation loop,
assembly of the active configuration of catalytic domain, and
activation of PAK1 (2, 6, 7, 38), we analyzed the phosphoryla-

tion state of PAK1 at site 423 in
293T cells cotransfected with GFP-
PAK1 and HA-TH1 or vector. As
depicted in Fig. 3C, serum stimula-
tion strongly increased the phos-
phorylation level of PAK1 at site
423, whereas coexpression of HA-
TH1 blocked the increase. In sum-
mary, these data strongly suggest
that TH1 inhibits the activation of
PAK1 in cells.

THI1 Binds with Active PAKI
Strongly and Interferes with MAPK
Signaling—Because of the binding
site of TH1 to the kinase domain of
PAK]1, we reasoned that their inter-
action might be related to the active
state of the PAK1 kinase. To further
explore this issue, HA-TH1 was
coexpressed with  GFP-PAKI-
K299R, GFP-PAK1 WT, or GFP-
PAK1-T423E. TH1 immunopre-
cipitated via its HA tag showed
enhanced  co-precipitation  of
PAK1-T423E as compared with the
wild-type PAK1, whereas in serum-
starved cells, co-precipitation of
kinase-dead PAK1 was hardly found
(Fig. 4A). Notably, co-immunopre-
cipitation of the wild-type PAK1
dramatically increased from cells
cotransfected with the active
mutant Cdc42 (Q61L) and stimu-
lated with EGF as compared with
that from serum-starved cells (Fig.
4A). Identical results were also
obtained with different stimulation
conditions (Fig. 4B). These data
indicate that the activation of PAK1
facilitates its interaction with THI1.

Recent studies have demon-
strated that PAK1-dependent phos-
phorylation of MEK1 on Ser-298 is
necessary for activation of MEK1
and subsequent activation of MAPK
(25). To investigate whether the
inhibition of PAK1 activity by TH1
affects the MAPK signal transduc-
tion pathway, 293T cells expressing
HA-MEK]1 together with Myc-TH1
(or vector control) were starved and
then stimulated with or without
20% serum for 15 min. The cells
were immunoprecipitated with
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anti-HA antibody, and the immunoprecipitates were used to
detect the pSer-298 MEK1 level. Immunoblotting with anti-
pSer-298 MEK1 revealed that serum stimulation led to an
increase in MEK1 Ser-298 phosphorylation, whereas MEK1
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Ser-298 phosphorylation disappeared in TH1-overexpressing
cells and in serum-starved cells (Fig. 4C).

At the same time, the level of ERK phosphorylation in lysates
was also examined in parallel. In serum-stimulated cells,
expression of Myc-TH1 significantly decreased ERK phospho-
rylation as compared with the control (Fig. 4C). Our results
indicate that overexpression of TH1 strongly impairs MAPK
signal transduction.

TH1 Binds with MEK1/ERK but Does Not Directly Suppress
Their Kinase Activity—To further study the mechanism by
which TH1 regulates the MAPK pathway, we examined
whether TH1 directly suppressed several downstream targets
of PAK1 in this regulatory process. We found that TH1 could
pull down MEKI and ERK in coimmunoprecipitation assays
(Fig. 5, A and B). At the same time, immunofluorescence anal-
ysis also revealed that MEK1/ERK colocalized with TH1 in
PC12 cells (data not shown). These data show that TH1 could
bind with MEK1 and ERK in cells. To identify whether TH1 and
MEK1/ERK could associate directly, we performed GST pull-
down assays (Fig. 5, C and D). Recombinant protein GST-TH1
was able to associate with MEK1/ERK, indicating that the bind-
ing between TH1 and MEK1/ERK seen in coimmunoprecipita-
tion assays (Fig. 5, A and B) was likely to be direct.

To rule out the possibility that TH1 directly suppressed the
kinase activity of MEK1/ERK, the immunoprecipitated MEK1/
ERK proteins were tested for their kinase activity using purified
GST-ERK protein or myelin basic protein as substrates. As
shown in Fig. 5, E and F, in in vitro kinase activity assays increas-
ing the amount of purified TH1 protein failed to affect MEK1/
ERK activity. These experiments demonstrate that TH1 could
bind with MEK1/ERK, but did not directly inhibit their kinase
activity.

THI1 Localizes to Focal Adhesions and Affects Actin and
Adhesion Dynamics—Activated PAK1, MEK1, and ERK1 are all
located in peripheral membrane ruffles within the cytoplasm or
focal adhesions at the leading edge of motile cells (11, 25, 27, 36,
39). To test whether TH1 could also locate to these sites, which
are involved in the organization of the actin cytoskeleton and
cell migration, we used a TH1 construct expressing an RFP-
tagged protein to localize TH1 and examined the change of the
actin cytoskeleton and focal adhesions.

As depicted in Fig. 64, in HeLa cells transfected with RFP-
TH1, we consistently observed that REP-TH1 localized to pax-
illin-containing focal adhesions and nucleus area in resting
cells, suggesting that TH1 might also play an important role in
nucleus. Remarkably, in serum-starved cells, TH1 localized
mainly to the nucleus area, but after cells were stimulated by
serum, TH1 localization was no longer restricted to the
nucleus. TH1 could, in fact, along with paxillin, which formed

focal adhesions, translocate from the nucleus to filopodia in the
leading edge of the cell upon stimulation with serum.

To test the effect of TH1 overexpression on actin polymeri-
zation and focal adhesions, the actin was also marked with flu-
orescein isothiocyanate-phalloidin. As compared with the nor-
mal cells or the cells receiving the non-targeting short hairpin
RNA vector (Fig. 6C, shVECTOR), whether HeLa cells were
stimulated by serum or not, ectopic expression of RFP-TH1
caused an increase in actin polymerization and stress fibers
(Fig. 6B). In particular, actin polymerization at the cell margin
drastically increased when the TH1-overexpressing cells were
stimulated for 15 min by serum. Notably, the number of focal
adhesions in HeLa cells overexpressing TH1, which were used
to anchor stress fibers, also decreased, and the size of the focal
adhesions became smaller than those in control cells (Fig. 6C).
Interestingly, in serum-starved HeLa cells expressing TH1,
paxillin-containing focal adhesions were readily detected on
the substrate as the cells retracted (Fig. 6A, top row).

To further confirm the results, we depleted endogenous TH1
using shRNA against human TH1 (shTHI; Fig. 7A). In contrast
to the TH1-overexpressing cells, deletion of TH1 in HeLa cells
also resulted in the reduction of actin polymerization and stress
fibers (Fig. 6C). On the other hand, the number of focal adhe-
sions also increased. Intriguingly, deletion of TH1 induced the
spike-like filopodia formation, even in the absence of serum.
These data indicate that ectopic expression of TH1 affected
actin and adhesion dynamics, which plays a critical role in
cytoskeleton turnover and cell migration guidance (40 —42).

TH1 Inhibits ERK/MAPK-driven Cell Migration—As dis-
cussed above, it was suggested that TH1 might have an effect on
cell migration. To confirm this suggestion, we used different
approaches to investigate whether the increase or decrease of
the TH1 protein level would interfere with cell migration. First,
cells were subjected to serum starvation and then allowed to
migrate by EGF stimulation. As shown in Fig. 7B, in an in vitro
wound healing assay, migration was inhibited in TH1-overex-
pressing cells. The TH1 protein level is shown in Fig. 74 (to
differentiate from endogenous TH1, RFP-TH1-fused protein
was expressed). These data demonstrate that TH1 is important
for EGF-induced cell migration. Second, we further confirmed
the effect of TH1 on EGF-induced cell migration by using a
Boyden chamber assay (Fig. 7C). Similar results were observed
when THI1 was overexpressed. Furthermore, EGF-induced cell
migration depended on Racl and PAK]1, as the expression of
the kinase-dead mutant Racl (T17N) and the PAK1 autoinhibi-
tory domain PAK1-(83-149) reduced the cell migration. In par-
ticular, the successful reduction of the TH1 by shTH1 strongly
increased the cell migration. To further investigate whether
MEK1/ERK activity was also involved in cell migration, we used

FIGURE 7. Role of TH1 in ERK/MAPK-driven cell migration. A, immunoblot (/B) with anti-TH1 serum antibody showing the protein level of TH1 in cells
transfected with shTH1 or RFP-TH1 compared with cells treated with a control. The middle band (*) was a nonspecific protein recognized by rabbit TH1
antiserum. In the bottom panel, the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein level is also shown. B, expression of RFP-TH1, dominant-
negative Rac1 (T17N), or PAK1-(83-149) reduced the cell migration by EGF in a wound healing assay. C, expression of RFP-TH1, shTH1, dominant-negative Rac1
(T17N), or PAK1-(83-149) affected cell migration by EGF in a Boyden chamber assay. D, inhibition of MEK1 reduced cell migration as measured by a Boyden
chamber assay. Hela cells transfected with shVECTOR, RFP-TH1, or shTH1 were pretreated either with or without the MEK1 inhibitor PD98059 (75 um) for 4 h
and allowed to migrate for another 20 h. During cell migration, the inhibitor (PD98059) was also added. Data are shown as mean = S.D. of three to four
experiments. £, TH1 overexpression inhibited the formation of lamellipodia induced by EGF in NIH3T3 cells. Transfected cells were indentified with RFP-tagged
TH1 or RFP vector. Examples of lamellipodia (arrowheads, lower panels) are shown. Western blot of TH1 protein and PAK1 protein levels in various cell lines are
also shown (upper panels). Data are representative of three independent experiments. F, schematic diagram of TH1 inhibiting ERK/MAPK-driven cell migration.
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the MEK1 inhibitor PD98059 to block MEK1 activity. As shown
in Fig. 7D, cell migration induced by EGF was also blocked by
the MEK1 inhibitor. Importantly, cell migration induced by
shTH1 was also blocked with the MEK1 inhibitor PD98059.
These studies demonstrate that MAPK signaling events were
involved in cell migration progresses. Finally, we studied the
potential role of TH1 in lamellipodium formation. Lamellipo-
dia are protruding membrane structures at the leading edge of
migrating cells. We first examined the endogenous TH1 pro-
tein and PAKI protein level in different cell lines, including
MDA-MB-231, T47D, MCEF-7, HeLa, and NIH3T3 cells. West-
ern blot analysis with anti-TH1 serum antibody revealed a very
low TH1 protein level in NIH3T3 cells (Fig. 7E, upper panel).
We thus transfected RFP-TH1 or RFP into NIH3T3 cells to
investigate lamellipodium formation. As shown in Fig. 7E,
migrating NIH3T3 cells (transfected with a control RFP) in the
presence of EGF developed lamellipodia (~80% of the cell).
However, RFP-TH1 treatment led to the reduction of lamelli-
podia in the presence of EGF (~10% of cells with lamellipodia).
In summary, these data show that TH1, like Racl and PAK1,
played a critical role in cell migration.

DISCUSSION

Cell migration is an intricate process involving several signal
transduction pathways (2), including a key role for members of
the PAK family of kinases. Thus it is important that PAK1 activ-
ity in different signal pathways be orchestrated in a coordinated
manner. In this study, our data provided strong support to
the notion that the interaction of TH1 and PAK1, by inhib-
iting PAK1 kinase activity, leads to a negative regulation of
the MAPK signal transduction, which affects cell migration
(Fig. 7F).

TH1 was originally recognized as the specific suppressor of
A-RAF kinase in the MAPK-ERK cascade (31). Our evidence
strongly demonstrates that TH1 could also interact with PAK1
(Fig. 1). Interestingly, immunofluorescence confocal micros-
copy analysis shows that colocalization of TH1 and PAK1 was
found not only in the cytoplasm but also in the nucleus (Fig.
1D). The reason that TH1 and PAK1 colocalize in the nucleus is
not so clear, but one explanation is that their interaction may be
involved in the transcriptional regulation of some genes. Con-
sistent with this hypothesis, recent data from our laboratory
indicate that TH1 is also a potent transcriptional repressor to
suppress androgen receptor and estrogen receptor activity in
nucleus (data not shown). At the same time, PAK is also
reported to have a relation to androgen and estrogen receptors
(43—45). further study is needed to ascertain whether the cor-
relation between TH1 and PAK1 exists in nucleus.

TH1 binds to the carboxyl-terminal kinase domain of PAK1
and strongly inhibits PAK1 kinase activity. Apart from the auto-
inhibitory role of the PAK1 amino terminus (7), several other
mechanisms for the regulation of PAK1 kinase activity are rec-
ognized. Thus, various kinases, such as cAMP-dependent pro-
tein kinase (PKA), can inactivate PAK by phosphorylation of
key residues (46), whereas certain phosphatases can inactivate
PAK1 through dephosphorylation (47). The mechanism for
TH1 inhibition of PAK1 kinase activity, however, has not yet
been worked out in detail. Our initial results suggest that TH1
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could hinder the autophosphorylation and activation of PAK1
and interfere with the ability of PAK1 to phosphorylate sub-
strates. In contrast, TH1 did not seem to be a very good sub-
strate for PAK1, and thus it was less likely that TH1 would block
PAK1 by simply competing with other substrates for
phosphorylation.

Overexpression of TH1 blocks MAPK signal transduction.
PAK1 affects MAPK pathway activation through several
aspects. On the one hand, PAK1 activity is essential for maximal
activation of the mitogenic RAF-MEK-ERK signaling cascade
(2), because active PAK1 directly associates with C-RAF to
phosphorylate on Ser-338, an essential regulatory site for
C-RAF activation (48, 49). On the other hand, PAK1-mediated
phosphorylation of MEK1 on Ser-298, which is important for
MEK1-C-RAF interaction, is central to the organization and
localization of active RAF-MEK1-MAPK signaling complexes,
and this phosphorylation is necessary for efficient activation of
MEK]1 and subsequent MAPK activation (25, 50). Our study
clearly shows that the inhibition of PAK1 kinase activity by TH1
hindered MEK1 and ERK phosphorylation in cells. However,
whether TH1 impairs the interaction of PAK1-RAF and phos-
phorylation of RAF remains to be studied. In addition, TH1 as
the specific suppressor of A-RAF kinase also inhibited A-RAF
to phosphorylate MEK1 in in vitro kinase activity assays using
purified GST-MEKI1 protein as substrate (data not shown).
Therefore the suppression of A-RAF activity by TH1 may have
also contributed to the negative regulation of MAPK signal.

TH1 can associate with MEK1/ERK in cells and in vitro. Our
previous investigations have shown that TH1 interferes with
the interactions of A-RAF/MEK1 and MEK1/ERK in vitro (data
not shown). However, TH1 does not directly suppress MEK1/
ERK kinase activity. The reason that TH1 associates with
MEK1/ERK but does not inhibit their activity is not so clear, but
there are possibilities that the MAPKs are located on a scaffold
protein to which TH1 and PAK]1 also dock or that TH1 works
partially as a scaffold protein. Whether the phenomenon cor-
relates with the TH1 function remains to be illustrated.

It is clear that THI plays a key role in the negative regulation
of MAPK signaling and the control of cell migration. However,
the precise mechanisms involved are not yet fully understood.
One hypothesis that is consistent with current data is as follows.
ERK and PAK activities have both been found to be important
for cell migration (13, 16, 23, 51, 52). The inhibition of the
MAPK pathway impairs phosphorylation of ERK substrates
such as myosin light chain kinase (51), FAK (53-55), paxillin
(56), and the protease calpain (57), which localize to focal adhe-
sions and are direct regulators of this process, thus affecting the
assembly and turnover of focal adhesions (24, 39, 57— 62) and
the change in the cytoskeleton. Although our results indicate a
role of TH1 in cell migration through negative regulation of the
MAPK pathway, other mechanisms may also regulate cell
motility.

In summary, in this study we have demonstrated that TH1
could interact with PAK1 by binding to the carboxyl-terminal
kinases domain of PAK1. Meanwhile, PAK1 activity was inhib-
ited, which affected cell migration through negatively regulat-
ing the MAPK signal transduction. However, the precise mech-
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anism by which MAPKs and their substrates affect cell
migration needs to be elucidated further.
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