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Pl3-kinase p85a Is a Target Molecule of Proline-rich Antimicrobial Peptide to

Suppress Proliferation of ras-Transformed Cells
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PR-39, which is an endogenous antimicrobial peptide, can bind to Src homology 3 domains of the
NADPH complex protein p47°" and the signaling adapter protein p130°®. Recently, we have
reported that PR-39 gene transduction altered invasive activity and actin structure of human hepa-
tocellular carcinoma cells, suggesting that this peptide affects cellular signaling due to its proline-
rich motif. In order to clarify the mechanism of the PR-39 functions, we transfected the PR-39 gene
into mouse NIH3T3 cells which had already been transformed with human activated k-ras gene.
The PR-39 gene transfectant showed a reorganization of actin structure and suppression of cell
proliferation both in vitro and in vivo. Decreases of MAP (mitogen-activated protein) kinase activ-
ity, cyclin D1 expression and JNK activity were observed in the PR-39 gene transfectant. Co-immu-
noprecipitation analysis revealed that PR-39 binds to PI3-kinase p85a, which is a regulatory
subunit of PI3-kinase and one of the effectors by which ras induces cytoskeletal changes and stim-
ulates mitogenesis. The PI3-kinase activity of the PR-39 gene transfectant was decreased compared
with that of the ras transformant. These results suggest that PR-39 alters actin structure and cell

proliferation rate by binding to PI3-kinase p85a and suppressing the Pl 3-kinase activity.
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PR-39 is an endogenous proline-rich antimicrobial pep-
tide isolated from pig small intestines and neutrophils*?
and has been recognized as an important mediator of
innate immunity against microbes.® In addition to bacteri-
cidal activity, this peptide has multiple biological func-
tions including wound repairing, angiogenesis,® and
inhibition of tumor cell invasion.? PR-39 is secreted as a
prepropeptide that includes a canonical leader sequence,
and rapidly undergoes cleavage of the N-terminal portion
to generate the mature form composed of the 39 C-termi-
nal amino acids. The mature form, which consists of 49%
proline and 24% arginine, has been reported to inhibit
phagocyte NADPH oxidase activity of pig neutrophils by
binding to Src homology 3 (SH3) domains of p47°"*" and
to bind to and affect a SH3-containing signal transduction
protein, P130°=® Recently, a new function of PR-39 has
been reported, i.e., inhibition of the ubiquitin-proteasome-
dependent degradation of hypoxia-inducible factor-1a pro-
tein, resulting in accelerated formation of vascular struc-
tures in vitro and increased myocardia vasculature in
mice.® As regards the mechanism of PR-39 function, Gao
et al. demonstrated that PR-39 binds to the a7 subunit of
the 26S proteasome and blocks degradation of NF-kB
inhibitor IkBa via the ubiquitin-proteasome pathway with-
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out affecting overall proteasome activity.? From these
observations, PR-39 seems to be a multifunctional
polypeptide which can associate with key proteins, such as
signaling molecules, in the cell.

Independently, PR-39 has been reported to induce the
synthesis of syndecan-1, a transmembrane heparan sulfate
proteoglycan involved in cell-to-matrix interactions and
wound healing.? Previously, we reveaed that the expres-
sion of syndecan-1 was reduced in human hepatocellular
carcinomas with high metastatic potential and we specu-
lated that syndecan-1 plays an important role in the inhibi-
tion of invasion and metastasis!® It is possible that
modification of this process with PR-39 may provide a
new strategy with which to inhibit invasion and metasta-
sis. Therefore, we transduced the PR-39 gene into human
hepatocellular carcinoma cells and confirmed that PR-39
induced syndecan-1 expression and suppressed the inva
sive activity of the cells in a similar way to syndecan-1
gene transduction.? Furthermore, the PR-39 gene trans-
duction altered the actin structure of the cells, while the
syndecan-1 gene transduction did not. In considering the
mechanism of the actin structural alteration we focused on
three previous observations. 1) PR-39 has five repeats of
the proline-rich motif, PXXPPXXP? whose prototype is
Sos, an activator of the ras guanine nucleotide exchange
protein.® I1) Proline-rich motifs have an ability to bind to
SH3 domains.’? [11) PR-39 actually binds to SH3 domains
of p47°"™ and p130°®."® Therefore, we hypothesized that
the alteration of actin structure caused by PR-39 might
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result from the binding of the proline-rich region of PR-39
to the SH3 domain of protein(s) associated with the poly-
merization of actin filaments or intracellular signaling.

In the present study, we investigated the effects of PR-
39 on the signal transduction pathways and tried to find
the target molecules of PR-39 by using k-ras-transformed-
NIH/3T3 fibroblasts®® which we further transfected
with the PR-39 gene tagged with hemagglutinin.

MATERIALS AND METHODS

Construction of PR-39 gene vector A PR-39 gene frag-
ment (nucleotide 4-539) containing the whole coding
region of pig PR-39 gene? and a hemagglutinin (HA)
epitope tag sequence at the C-terminus was amplified from
pig small intestine mRNAs by RT-PCR (reverse tran-
scriptase-polymerase chain reaction) using a primer (5'-
GGGCTCAGGATTCACCAAAAGCTTTTAATGGGT-3)
for RT and two primers (5'-CTCACCTGGGCACCATG-
GAG-3, the RT primer) for PCR, and ligated into
pT7Blue vector (Novagen, Inc., Madison, W1).*® The PR-
39 fragment in the pT7Blue vector was excised with
EcoRI-Xbal, and ligated into pZeoSV2 expression vector
(Invitrogen, San Diego, CA).

Cedll culture and gene transfection Mouse fibroblast
cells (NIH3T3 cells) provided by the Japanese Cancer
Research Resources Bank (Tokyo) were maintained in
Dulbecco’'s modified Eagle’'s medium (DMEM) supple-
mented with 10% fetal bovine serum, 2 mM L-glutamine,
100 units/ml penicillin, and 100 g/ml streptomycin sul-
fate. NIH/3T3 cells were transformed with human acti-
vated k-ras (Val12) gene (Ras cells) as we previously
reported.’® Ras cells were further transfected with the
pZeoSV 2 vector containing the PR-39 gene (PR-39 cdlls).
For the transfection of the PR-39 gene, 40 ug of purified
plasmid and 30 ug of Lipofectin (GIBCO-BRL, Gaithers-
burg, MO) were added to the Ras cells (approximately
50% confluent) in 100-mm culture dishes. After approxi-
mately 3-week selection with Zeocin (1000 ug/ml), three
clones (PR-39A, PR-39B and PR-39C cells) were inde-
pendently isolated from the three different dishes using
cloning rings, and subcultured.

Staining of actin filament Cells grown on coverslips
were rinsed twice with a cytoskeletal stabilizing buffer (4
M glycerol, 25 mM piperazine-N,N’-bis(2-ethanesulfonic
acid) (PIPES) [pH 6.9], 1 mM EGTA, and 1 mM MgCl,),
incubated in the same buffer containing 0.2% Triton X-
100 for 5 min a 20°C to extract soluble proteins, and
fixed for 45 min at 20°C in 3.7% formaldehyde in phos-
phate-buffered saline (PBS). After two 10-min washes in
PBS, cells were incubated with rhodamine-conjugated
phalloidin (Amersham Corp., Tokyo) diluted 1:50 in PBS
containing 0.5 mg/ml bovine serum albumin for 30 min.
Cells were mounted with PermaFluor Aqueous Mountant
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(Shandon Corp., Pittsburg, PA), and observed using an
Axioskop FL microscope (Carl Zeiss, Jena, Germany).

In vitro cell proliferation Cell proliferation rates in vitro
were determined by measuring the number of cells main-
tained with DMEM containing 10% fetal bovine serum
(FBS) from days 1 to 4 after seeding onto 6-well tissue
plates (2x10° cells/well). The number of cells was mea-
sured using a Coulter Cell Counter (Coulter Electronics
Ltd., Luton, England).

Tumor growth in nude mouse Tumor growth rates in
vivo were determined by measuring the tumor weight at 2
weeks after the subcutaneous inoculation of the cells
(5%10° cells/mouse) into the right shoulder of male nude
mice (5 weeks old) (Charles River Japan, Co., Atsugi).
Animals were kept under laminar flow conditions with
free access to food and water. All animals received
humane care in compliance with the guidelines of Asa-
hikawa Medical College.

Immunoprecipitation and western blot Cells were lysed
in 50 mM N-(2-hydroxyethyl)piperazine-N'-2-ethane-
sulfonic acid (HEPES), pH 7.0, 150 mM NaCl, 10% (vol/
val) glycerol, 1% (vol/val) Triton X-100, 1.5 mM MgCl,,
1 mM EGTA plus proteinase inhibitor tablets (Seikagaku
Kogyo, Tokyo). PR-39 or phosphatidylinositol 3-kinase
p85a (PI3Kp850) was immunoprecipitated from the cell
lysates with anti-HA (Boehringer Mannheim, Tokyo) or
anti-PI3Kp85a (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA) antibodies using protein A-Sepharose, respec-
tively. After having been washed three times with lysis
buffer, the antibody-antigen complexes were dissociated
by heating at 100°C for 5 min in standard Laemmli sample
buffer. The immunoprecipitated samples or 20 ug total
proteins were separated on a 4—20% Tris-glycine gradient
polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA).
Gels were electroblotted onto Immobilon (Millipore, Bed-
ford, MA) or nitrocellulose membranes (Bio-Rad Labora-
tories), incubated with antibodies against HA, PI3Kp85a,
ERK-1 and -2 (extracellular regulated kinases 1 and 2,
Santa Cruz Biotechnology, Inc.), phospho-ERK 1 and 2
(Santa Cruz Biotechnology, Inc.), cyclin D1 (Santa Cruz
Biotechnology, Inc.), Grb2 (Santa Cruz Biotechnology,
Inc.), p130°® (Santa Cruz Biotechnology, Inc.), or PLCy
(Santa Cruz Biotechnology, Inc.), horseradish-conjugated
donkey anti-rabbit 1gG (Seikagaku Kogyo) or donkey anti-
mouse 1gG (Seikagaku Kogyo). The immune complexes
were detected with the ECL (enhanced chemilumines-
cence) detection system (Amersham Internationa plc, Buck-
inghamshire, England). Silver staining of polyacrylamide
gels was performed using a Silver Stain Kit (Bio-Rad Lab.).
Mitogen-activated protein kinase (MAPK) assay
MAPK activity was determined using a p44/p42 MAP
Kinase Assay Kit (New England BiolLabs, Inc., Beverly,
MA). Briefly, active MAPK was selectively immunopre-
cipitated from cell lysates using a monaclonal phospho-



antibody to p44/p42 MAPK. The resulting immunoprecip-
itate was then incubated with Elk-1 fusion protein in the
presence of adenosine triphosphate (ATP) and kinase
buffer; this allowed immunoprecipitated active MAPK to
phosphorylate Elk-1. Phosphorylation of Elk-1 at Ser383
was measured by western blotting using a phospho-Elk-1
(Ser383) antibody.

c-Jun N-terminal kinase (JNK) assay JNK activity was
determined using SAPK/JNK Kinase Assay Kit (New
England BioLabs Inc.). Briefly, JNK was selectively
pulled down from cell lysates using c-Jun fusion protein
beads containing a high-affinity binding site for INK. The
beads were washed to remove nonspecifically bound pro-
teins and then the kinase reaction was carried out in the
presence of cold ATP. c-Jun phosphorylation was selec-
tively measured using a phospho-c-Jun antibody.
PI3-kinase assay The cell lysates were prepared as
described above for immunoprecipitation, and PI3-kinase
was immunoprecipitated with the anti-p85a antibody.
Immunocomplexes were collected on protein A-Sepharose
beads, washed five times with lysis buffer and preincu-
bated with 10 ul of 20 MM HEPES (pH 7.4), containing 2
mg/ml phosphatidylinositol (PI, Sigma Chemical Co., St.
Louis, MO) on ice for 10 min. Kinase reaction was per-
formed by the addition of 40 ul of reaction buffer (10 uCi
of [y-**P]ATP, 20 mM HEPES, pH 7.4, 20 uM ATP, 5 mM
MgCl,) at room temperature for 15 min. The reaction was
stopped by the addition of 100 yl of 1 M HCl and
extracted with 200 ul of 1:1 mixture of chloroform and
methanol. The radiolabeled lipids were separated by thin-
layer chromatography.’® The conversion of Pl to phos-
phatidylinositol 3-phosphate (PIP) was determined by
autoradiography. PIP (10 ul of 0.5 mg/ml solution, BIO-
MOL Research Labs., Inc., Plymouth Meeting, PA) was
used as a control for the position of the produced PIP on
thin-layer chromatography after staining with iodine
vapor. The radioactivity of the PIP was determined using a
BAS2000 bioimaging analyzer (Fuji Film, Tokyo).
Statistical analysis Student’st test was used for statistical
analysis of cell proliferation in vivo.

RESULTS

Expressions of ras and PR-39 in PR-39 cells by western
blot analysis Expression levels of ras (Fig. 1A) and PR-
39 (Fig. 1B) proteins were examined by western blot anal-
ysis. The NIH3T3 cells showed a very low expression of
ras and no PR-39 expression. The Ras cells (NIH3T3 cells
transformed with human activated k-ras gene) showed ras
expression. The three clones, PR-39A, PR-39B and PR-
39C, independently isolated after transduction of PR-39
gene into Ras cells, expressed both ras and PR-39.

Alterations of morphology and actin structure As we
had previously shown that PR-39 gene transducion altered
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the morphology and actin structure of human hepatoma
cells,® we initially examined the morphological change of
the NIH3T3, Ras, PR-39A, PR-39B and PR-39C cells
(Fig. 2). In phase-contrast microscopic examinations, the
NIH3T3 cells showed a flat form. The Ras cells revealed a
spindle shape with short or long spikes like filopodia. All
of the PR-39A, PR-39B and PR-39C cells showed a flat
form, like NIH3T3 cdlls (Fig. 2). The actin filaments were
stained with rhodamine-conjugated phaloidin and sub-
jected to immunofluorescence microscopy (Fig. 3). The
NIH3T3 cells showed fine actin stress fibers oriented par-
alel to the long axes of the cells. The Ras cells showed
short and faint actin filaments. The PR-39A, PR-39B and
PR-39C cells revealed long and fine actin stress fibers,
like the NIH3T3 cells (Fig. 3). These data show that the
PR-39 gene transduction into the Ras cells caused the
morphology and actin structure to revert to those of
NIH3T3 cells. These results strongly suggest that PR-39
might affect the signals associated with cytoskeletal actin
structure, which was changed by ras-gene transfection.

Suppression of cell proliferation in vitro and in vivo We
examined the cell proliferation rates of PR-39A, PR-39B
and PR-39C cells in vitro and in vivo to investigate
whether PR-39 affects the cell proliferation (Fig. 4). The
cell proliferation rates in vitro were determined by measur-
ing the number of cells after seeding onto 6-well tissue
plates, using the cell counter. The numbers of NIH3T3,
Ras, PR-39A, PR-39B and PR-39C cells were, respec-
tively, 3.2, 9.6, 2.4, 3.9 and 2.2 fold at day 2; 6.9, 27.8,
8.1, 9.0 and 6.8 fold at day 3; and 16.8, 46.6, 21.6, 19.2
and 15.3 fold at day 4 compared with those at day 1 (Fig.
4A). The proliferation rate of the PR-39 cells was signifi-
cantly decreased compared with that of the Ras cells at
days 2, 3 and 4 (P<0.05), and amost the same as that of
the NIH3T3 cells. The cell proliferation rate in vivo was
determined from the tumor weight at 2 weeks after subcu-

NIH PR-39
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B NIH PR-39
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S e S e — PR-39
Fig. 1. Expressions of ras (A) and PR-39 (B) in PR-39 cells by
western blot analysis. PR-39A, PR-39B and PR-39C cells
showed both ras and PR-39 expressions, while ras cells showed
only ras expression and NIH3T3 cells showed only a very low
expression of ras.
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taneous inoculation into nude mice. The NIH3T3 cells
showed no tumors after inoculation, as far as could be
determined. The mean tumor weights of the Ras, PR-39A,
PR-39B and PR-39C cells were 3.1, 1.2, 1.3 and 1.0 g,
respectively (Fig. 4B). The tumor weight of the PR-39
cells was significantly lower than that of the Ras cells
(P<0.005). These data show that PR-39 gene transduction
suppressed cell proliferation both in vitro and in vivo, sug-
gesting that PR-39 might affect the signals associated with
mitogenesis.

NIH3T3

Suppression of MAPK activity and cyclin D1 expres-
sion To understand the mechanism through which PR-39
suppressed the cell proliferation, we examined the cell sig-
naling pathways involved in mitogenesis. We first exam-
ined the activity of MAPK, which is the main signa
transduction protein for mitogenesis induced by activated
ras.t® PR-39A, PR-39B and PR-39C cells showed
almost the same proliferation rates both in vitro and in
vivo, and therefore, we examined the MAPK activity of
PR-39A cells as a representative. MAPK activity was

Fig. 2. Morphology of PR-39 cells. In phase-contrast microscopic examinations, NIH3T3 cells showed a flat form, while Ras cells
revealed a spindle shape with short or long spikes like filopodia. However, PR-39A, PR-39B and PR-39C cells all showed a flat form
like NIH3T3 cells. The morphology of PR-39A cellsis shown as a representative. (x100 and x1000)

Fig. 3. Staining of actin filaments of PR-39 cells. Cells grown on coverslips were incubated with rhodamine-conjugated phalloidin and
observed using immunofluorescence microscopy. NIH3T3 cells showed fine actin stress fibers oriented parallel to the long axes of the
cells, while Ras cells showed short and faint actin filaments. However, PR-39A, PR-39B and PR-39C cells all revealed long and fine
actin stress fibers like NIH3T3 cells. The actin structure of PR-39A cells is shown as a representative. (x1000)
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determined in terms of the amount of Elk-1 phosphory-
lated by phospho-MAPK and the amount of phospho-
MAPK. The MAPK activity of Ras cells was markedly
high compared with NIH3T3 cells, but that of PR-39A
cells was decreased compared with Ras cells (Fig. 5, A
and B). On the other hand, the decrease of ERK-1 and
ERK-2 expressions of PR-39A cells compared with those
of Ras cells was only dight (Fig. 5C), suggesting that
MAPK activity was decreased by PR-39 with a partial cor-
relation with the protein amounts of ERK-1 and ERK-2 in
Ras cells and PR-39A cells. We then examined the expres-
sion of cyclin D1, which exists downstream of MAPK and
plays an important role in accelerating the cell cycle.’®20
The cyclin D1 expression of Ras cells examined by west-
ern blot analysis was markedly high compared with that of
NIH3T3 cells, but that of PR-39A cells was decreased
compared with Ras cells (Fig. 5C). These data suggest that
PR-39 suppressed the cell proliferation by affecting the ras
signal transduction and decreasing both MAPK activity
and cyclin D1 expression.

Suppression of JNK activity We next examined the
activity of INK, which is also one of the effectors of ras,
stimulating DNA synthesis by the phosphorylation of c-
Jun via Rac and Raf pathways.?® The JNK activity was
determined in terms of the amount of phosphorylated c-
Jun. The JNK activity of Ras cells was higher than that of
NIH3T3 cells, but that of PR-39A cells was decreased
compared with Ras cells (Fig. 6). These data suggest that
PR-39 also decreases the INK activity in addition to the
MAPK activity, suggesting that PR-39 affects the INK sig-
naling pathway.

Binding of PR-39 to PI3Kp85a To explore the target

(fold)

(day)
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molecule of PR-39 in activated-ras-mediated signal trans-
duction in the cell, we tried to find PR-39 binding proteins
in PR-39 cells by using co-immunoprecipitation analysis.
As the PR-39 gene was fused with the HA tag sequence at
the C terminus, the cell lysates were subjected to co-
immunoprecipitation with anti-HA antibody. The result-
ing precipitates were subjected to gradient polyacrylamide
gel electrophoresis and the proteins were detected by sil-
ver staining. Several bands were detected only on PR-39A
cells, in addition to mature and immature PR-39 at
approximately 6 and 27 kDa, respectively (Fig. 7A). This
result suggests that PR-39 binds to severa proteins, some
of which may be responsible for signal transduction in PR-
39 cells. There might be several target molecules of PR-39
in the cell.

To identify the binding proteins of PR-39, the immuno-
precipitates with anti-HA antibody were subjected to
immunoblot analysis using four antibodies to signal trans-
duction proteins containing an SH-3 domain which might
be targets of the proline-rich motif of PR-39. Antibodies
against Grb2, p130°®, PLCy and PI3Kp850 were used
because of molecular weight similarities to the recognized
bands shown in Fig. 7A and their SH-3 domain-containing
character. The antibodies against Grb2, p130°®= and PLCy
did not react with the bands detected in Fig. 7A (data not
shown), suggesting that these proteins had no role in PR-
39 binding. On the other hand, when an antibody to
PI3Kp85a was used, a clear band was observed at approx-
imately 85 kDa in the case of PR-39A cells (Fig. 7B). To
examine the direct association of PR-39 with PI3Kp85a,
cell lysates were subjected to immunoprecipitation with
anti-PI3Kp85a antibody and the precipitates were sub-
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Fig. 4. Cell proliferation in vitro and in vivo of PR-39 cells. A, Cell proliferation rates in vitro were determined by measuring the
number of cells from day 1 to day 4 after seeding onto 6-well tissue plates. The cell proliferation rates in vitro of PR-39A, PR-39B and
PR-39C cells were significantly decreased to the level of NIH3T3 cells at days 2, 3 and 4 (0P<0.05). B, Cell proliferation rates in vivo
were determined by measuring the tumor weight at 2 weeks after subcutaneous inoculation of the cells into nude mice. The proliferation
rates in vivo of PR-39A, PR-39B and PR-39C cells were significantly decreased compared with that of Ras cells (0 P<0.005), while
NIH3T3 cells yielded no tumors. A NIH3T3, & Ras, O PR-39A, @ PR-39B, m PR-39C.
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Fig. 5. MAP kinase activity and cyclin D1 expression of PR-39
cells. A, Active MAPK was selectively immunoprecipitated from
cell lysates using an antibody to phospho-p44/p42 MAPK. The
resulting immunoprecipitate was incubated with Elk-1 fusion
protein to immunoprecipitate active MAPK with phosphorylated
Elk-1. Phosphorylation of Elk-1 at Ser383 is measured by west-
ern blotting using a phospho-Elk-1 (Ser383) antibody. B, West-
ern blot analysis of phospho-ERK was performed using anti-
phospho-ERK antibody recognizing both phospho-ERK-1 and -2.
C, Western blot analysis of ERK was performed using anti-ERK
antibody recognizing both ERK-1 and -2. The MAPK activity of
PR-39A cells was decreased compared with that of Ras cells,
while ERK-1 and -2 expressions of PR-39 cells were dlightly
decreased compared with those of Ras cells. D, Western blot
analysis of cyclin D1 was performed using anti-cyclin D1 anti-
body. The cyclin D1 expression of PR-39A cells was decreased
compared to that of Ras cells.

NIH3T3 Ras

PR-39A
kDa

35

23 c-Jun

Fig. 6. JINK activity of PR-39 cells. INK was selectively pulled
down from cell lysates using c-Jun fusion protein and the kinase
reaction was carried out in the presence of cold ATP. c-Jun phos-
phorylation was selectively measured using phospho-c-Jun anti-
body. The JNK activity of Ras cells was higher than that of
NIH3T3 cells, but that of PR-39A cells was decreased compared
with Ras cells.
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jected to immunaoblot analysis using anti-HA antibody. A
clear band was observed at approximately 6 kDa, which is
the size of mature-type PR-39 (Fig. 7C). These data dem-
ongtrate that the mature type of PR-39 binds to PI3Kp85a,
suggesting that PI3Kp85a is one of the target molecul es of
PR-39 in the cell.

Suppression of PI3K activity To examine the effect of
PR-39 hinding on the function of PI3K, PI3K activity was
determined in NIH3T3, Ras, PR-39A, PR-39B and PR-
39C cells. The PI3K activity was measured in terms of the
formation of the kinase product PIP and analyzed with a

A NIH3T3 Ras PR-39A
o |
97 — | <
66 — —_—
46 —
30 — e immature PR-39
2]
14 — s mature PR-39
B .
IP:Antl—HA
WB:Anti-PI3Kp85a Ras PR-39A
kDa
97 —
e <« PI3Kp85a
66 — :
RO ey
C .
IP:Anti —EI 3Kp85a
WB:Anti-HA Ras PR-39A
kDa
6.5 —
<4 PR-39
34—

Fig. 7. Co-immunoprecipitation, silver staining and western
blot analysis using anti-HA or anti-PI3Kp85a antibodies. A, The
binding proteins of PR-39 were co-immunoprecipitated with anti-
HA antibody. The precipitates were separated on a 4—20% gradi-
ent polyacrylamide gel and stained with silver. Severa bands
(arrows) were detected in addition to mature and immature PR-
39. B, Cell lysates were immunoprecipitated with anti-HA anti-
body. The precipitates were immunoblotted with anti-PI3Kp85a
antibody. A band was detected at approximately 85 kDa. C, Cell
lysates were immunoprecipitated with anti-PI3Kp85a antibody.
The precipitates were immunoblotted with anti-HA antibody. A
band was detected at approximately 6 kDa. A mature type of PR-
39 bound to PI3Kp85a.
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Fig. 8. PI3K activity and PI3Kp85a expression of PR-39 cells.
A, Immunoprecipitates with anti-PI3Kp85a antibody from the
cells were used to determine PI3K activity. The immunoprecipi-
tates were incubated with PI in the presence of [y-*P]JATP. The
production of radiolabeled PI 3-phosphate (PIP) was analyzed by
thin-layer chromatography; the origin (O) of the chromatogram is
indicated. PIP was used as a control for the position of the pro-
duced PIP. The PI3K activities of the PR-39A, PR-39B and PR-
39C cells were lower than that of the Ras cells. B, PI3Kp85a
expression was determined by western blot analysis using anti-
PI3Kp85a antibody. The expressions of PI3Kp85a on PR-39A,
PR-39B and PR-39C cells were almost the same as that on Ras
cells.

BAS 2000 image analyzer. The relative radioactivities of
PIP in NIH3T3, Ras and PR-39A, B, C cells were 288,
1724, 660, 645 and 610, respectively. The PI3K activity of
Ras cells was approximately six times higher than that of
NIH3T3 cells, but the activities of PR-39A, PR-39B and
PR-39C cells were decreased to approximately 35—40% of
that of Ras cells (Fig. 8A). However, the expression of
PI3Kp85a in PR-39 cells was amost the same as that in
Ras cells by western blot analysis (Fig. 8B). These data
suggest that PR-39 might suppress the activity of PI3K by
binding to the regulatory subunit, PI3Kp85a.

DISCUSSION

Activated k-ras protein, which is expressed in a high
percentage of human malignant tumors such as lung, pan-
creatic and colonic carcinomas,® is a key molecule for
mediating many signal transduction pathways associated
with a variety of SH3-containing proteins in the cell.’®
The mature form of PR-39 consists of 49% proline and
24% arginine and is capable of binding to the SH3
domains of p47°" and P130¢,"®)

In the present study, we transfected PR-39 gene into
mouse NIH3T3 cells which had already been transformed
with human activated k-ras gene and we found that PR-39
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gene transfectant showed reorganization of actin structure
and suppression of cell proliferation both in vitro and in
vivo. Furthermore, we found that PI3Kp85a, a regulatory
subunit of PI3K, is one of the major target molecules of
PR-39 in Ras cells. Taking these results together, it
appears that PR-39 has an ahility to revert Ras cells to the
character of the parental NIH3T3 cells, and this phenome-
non might be caused by the binding of PR-39 to
PI3Kp85a in the cell.

Concerning the cytoskeletal change, PI3K is considered
to be one of the effectors whose pathway involves the Rac,
Cdc42 and Rho proteins. In addition, cell proliferation is
mediated by augmented DNA synthesis through induction
of transcription from the fos promoter through the MAPK
pathway?*2¥ and from the c-Jun promoter through the
INK pathway,®? both of which pathways are aso trig-
gered by PI3K. Therefore, it is reasonable that the modula-
tion of the PI3K activity by the binding of PR-39 affects
the actin structure and the cell proliferation of Ras cells.

The present study revealed that the transduction of the
PR-39 gene into Ras cells resulted in re-assembly of actin
stress fibers and disappearance of the filopodia. It is well
known that the organization of actin structure is coordi-
nately regulated by the Rho, Rac and Cdc42 GTPases. ™
Rho controls the assembly of actin stress fibers and focal
adhesion complexes, Rac regulates actin filament accumu-
lation at the plasma membrane to produce lamellipodia
and membrane ruffles, and Cdc42 stimulates the formation
of filopodia?” The transformation of NIH3T3 cells by
activated ras induced actin filament accumulation at the
plasma membrane and the formation of filopodia. How-
ever, the transduction of PR-39 gene into Ras cells
resulted in assembly of actin stress fibers and disappear-
ance of the filopodia. These data demonstrate that ras
stimulates Rac and Cdc42 and inhibits Rho, while PR-39
might inhibit Rac and Cdc42 and stimulate Rho by block-
ing ras signal transduction, including the PI3K pathway.
Rac and Cdc42 selectively stimulate the JNK cascade
leading to c-Jun transcriptional activity.?®?® The decreased
JINK activity of PR-39 cells might support the suggestion
that PR-39 inhibits the Rac and Cdc42 signaling pathways.

PI3K is composed of aregulatory p85 subunit and a cat-
alytic p110 subunit, that, as an active complex, phosphory-
lates the 3-ring position of PlI-4,5-bisphosphate to generate
PI1-3,4,5-triphosphate (PIP,).2® Downstream targets acti-
vated subsequent to PIP, include Akt/PKB, which has
been implicated in inhibiting both apoptosis by the phos-
phorylation of Bad,® and the Raf-MEK-MAPK signaling
pathway by the phosphorylation of Raf.3? It is possible
that the binding of PR-39 to PI3Kp85a affects the Akt/
PBK pathway, resulting in a change of apoptotic rate or
MAPK activity. Therefore, we examined the activity of
Akt/PBK and the apoptotic rate of Ras and PR-39 cells,
but no differences were observed between them (data not
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shown), suggesting that PR-39 might not affect the Akt/
PBK pathway in fibroblasts transformed by activated ras.
PR-39 seems to have an ability to revert Ras cells to the
parental NIH3T3 character, because the cell morphology,
actin structure and cell proliferation rate in vitro of PR-39
cells were almost the same as those of NIH3T3 cells. Fur-
thermore, we demonstrated that the binding of the PR-39
to PI3Kp85a in the cell might cause this phenomenon.
However, there are two observations that cannot be
explained by the PR-39 binding to PI3Kp85a. One is that
the proliferation rate in vitro of PR-39 cells was decreased
to the level of NIH3T3 cells and the actin structure of PR-
39 cells became very similar to that of NIH3T3 cells, but
the PI3K, MAPK or JNK activity of PR-39 cells was not
decreased to the level of NIH3T3 cells. The other is that
the PR-39 cells still maintained the ability to form tumors
in nude mice and retained loss of contact inhibition, unlike
NIH3T3 cells (data not shown). These observations could
be explained by either of two possibilities. One is that the
decreased kinase activities were lower than some as-yet
undetermined limit and could not maintain the ras pheno-
type except for tumorigenesis and the loss of contact
inhibition.3-% The other possibility is that the different
signaling pathways associated with mitogenesis, the cyto-
skeleton or cell-cdl communication were also affected by PR-
39, in addition to the PI3K pathway. The latter possibility
might be supported by the co-immunoprecipitation results
shown in Fig. 7A; PR-39 binds to several proteinsin addi-
tion to PI3Kp85a in PR-39 cells, athough Grb2, p130c=
and PLCy were not target molecules of PR-39 in this study.
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