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Absiract

The secreted form of p-amyloid precursor protein (sAPP) has been

reported to exert various biological activities in cultured neurons.

The signal transduction mechanisms underlying these physiological functions of SAPP remain unclear. ‘We now report that treatment of
neural cells with the secreted form of APP695 (sAPP695) leads to dose- and time-dependent increase in phosphorylation of the
endogenous substrates with a molecular mass of 80, 57 and 43 kDa. Pretreatment of cells with protein kinase C (PKC) inhibitor H-7
reduced phosphorylation of the 80- and 43-kDa proteins in a dose-dependent manner. The effect of sAPP&95 on the phosphorylation is
imicked by phorbol 12-myristate-13-acetate (PMA). Downregulation of PKC by prolonged treatment of cells with PMA abolished

sAPP695-enhanced phosphorylation of the 80- and 43-kDa proteins,
tion of these proteins in the cells. We also suggest that the 80- and 43

indicating PKC is involved in the sAPP695-enhanced phosphoryla-
kDa proteins phosphorylated by sAPP695-stimulation are the major

PKC substrates myristoylated alanine-tich C-kinase substrate and growth-associated protein-43. Furthermore, we demonstrate that
tyrosine phosphorylation of phospholipase C+y1 and formation of inositol 1,4,5-trisphosphate were increased by sAPP695-stimulation.
These observations suggest that SAPP695 induces the activation of the signaling pathways through a stimulation of phosphoinositide—PKC

cascade. © 1998 Elsevier Scieace B.V.
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1. Introduction

BExtracellular deposition of P-amyloid peptide (8/A4)
in the brain is a characteristic pathological feature of
Alzheimer’s disease [7,17]. B /A4 is derived from a larger
protein referred to as B-amyloid precutsor protein (APP)
[13,31]. APP is a membrane-spanning glycoprotein ex-
pressed in most mammalian tissues, and its highest levels
are found in the nervous system. Multiple APP isoforms
produced by alternative splicing of the mRNA have been
identified. The major isoforms in the brain are APP695,
APP75] and APP770 (8,13,14,24,26,32]. APP normally
undergoes proteolytic cleavage inside the B /A4-sequence,
resulting in release of the secreted form of APP (sAPP)
into the extracellular space [5,23,38]. sAPP has been re-
ported to be involved in the regulation of cell survival [18],
proliferation [28], and cell adhesion {3,20,29]. sAPP has
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been found to induce neurite outgrowth in neurons and
PC12 cells [18,20,29]. We have also demonstrated that
sAPP69S and sAPP770 promote neurite outgrowth in cul-
tured embryonic rat neocortical neurons [22]. Several ef-
fects of sAPP on the cellular signaling pathway have been
reported. sAPP stimulates the activity of mitogen-activated
protein kinase (MAPK) in PC12 cells [10], activates
cGMP-mediated signaling [1] and high conductance potas-
sium channels [6] in primary hippocampal neurons.

In order to obtain further information on the signal
transduction mechanisms by sAPP, we investigated the
effect of SAPP695 on the phosphorylation of the endoge-
nous substrates by using cultured embryonic rat neocorti-
cal neural cells. Here, we report that sAPP695 activates
protein kinase C (PKC) and phospholipase Cy1 (PLCy1),
and stimulates inositol 1,4,5-trisphosphate (IP;) formation.
We also suggest that the endogenous substrates phosphory-
lated as a result of the stimulation with sAPP695 are
myristoylated alanine-rich C-kinase substrate (MARCKS)
and growth-associated protein-43 (GAP-43) which are ma-
jor PKC substrates in neurons. These findings indicate that
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the PLC-PKC second messenger system is likely to be
activated by sAPP695.

3. Materials and methods

2.1. Materials

Recombinant human sAPPG95 was prepared by using
the yeast expression systern as described previously [22].
The sample from the yeast transfected with the empty
vector was also prepared by the identical procedure [22]
[y-32PJATP was purchased from Amersham
(Buckinghamshire, UK). H-7 dihydrochloride (H-7) and
Phorbol 12-myristate-13-acetate (PMA) were from RBI
(Natick, MA). H-89 and KN-62 were from BIOMOL
(Plymouth Meeting, PA). Anti-PLCy1 polyclonal antibody
was from Santa Cruz Biotechnology (Santa Cruz, CA). Rat
brain MARCKS [16], rat brain GAP-43 [30], rabbit poly-
clonal antibody raised against a synthetic peptide corre-
sponding to rat brain MARCKS C-terminus and antibody
raised against purified bovine brain GAP-43 were kindly
supplied by Dr. H. Taniguchi (Fujita Health University,
Aichi, Japan). Dulbecco’s modified Eagle’s medium
(DMEM) was from Gibco (Grand Island, NY).

2.2. Cell culture and stimulation

Cerebral hemispheres were obtained from embryonic
day 17 Wistar rats and mechanically dispersed and plated
at a cell density of 1X 107 cells per dish onto 35-mm
tissue culture dishes coated with polyethylenimine. The
neural cultures were maintained in serum-free DMEM at
37°C overnight in a 5% CO, humidified incubator. Under
these conditions, neurons account for more than 95% of
the culture population judging from the results of immuno-
cytochemical staining with anti-neurofilament antibody
[27]. The neural cultures were preincubated with DMEM
for 10 min and then treated with the recombinant sAPP695
dissolved in the medium at 37°C. Cells were freated with
the medium alone or the medium containing the same
yolume of the sample from the yeast transfected with the
empty vector under the same conditions as a control.

2.3. Cell fractionation

After the treatment, cells were scraped and disrupted in
150 pl of ice-cold homogenizing buffer (20 mM Tris—HCI,
pH 7.5, containing 2 mM EDTA; 0.5 mM EGTA and 0.25
M sucrose) with protease inhibitors and phosphatase in-
" hibitor (0.1 mg of leupeptin per ml, 2 mM PMSF and 1
mM Na,VO, on a sonicator by two 10-s bursts. The cell
lysate was centrifuged at 500 X g at 4°C for 10 min to
remove the nuclei. The supernatant was then centrifuged at
150000 X g at 4°C for 1 h to yield the cytosolic extract.
The protein content was estimated with BCA Protein
Assay Reagent (PTERCE, Rockford, IL).
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2.4. In vitro profein kinase assay

The in vitro protein kinase assay was carried out by
using the cytosolic extract of neural cells (containing 0.5
wg of proteins) and [y-2PIATP (1 pM, 10 nCi) in 10 pl
of kinase buffer (25 mM HEPES, pH 7.4, containing 25
mM B-glycerophosphate, 25 mM MgCl,, 0.5 mM CaCl,
and 2 mM dithiothreitol) at 30°C for 15 min. The reaction

" was terminated by the addition of 2.5 pl of 5 X Laemmli

sample buffer, or by heating at 100°C for 5 min. The
heat-treated mixture was centrifuged at 20000 X g for 30
min to remove the denatured proteins, and the supernatant
was mixed with 2.5 wl of 5 X Laemmli sample buffer. The
phosphorylated proteins in the Laemmli sample buffer
were subjected to SDS—PAGE with a 4—20% gradient gel
(Daiichi Pure Chemicals, Tokyo, Japan) and visualized by
autoradiography. For alkaline treatment, the gel was incu-
bated with 1 M KOH at 55°C for 1 h, and washed with
several changes of 25% methanol and 7% acetic acid. The
gel was subsequently dried and the alkaline resistant pro-
teins were visualized by autoradiography. To examine the
effect of protein kinase inhibitors, the in vitro protein
kinase assay was performed in the presence of either
dimethy! sulfoxide (DMSO), used for dilution of H-89 and
KN-62, or various concentrations of H-7 (in water), H-89
and KN-62 using the cytosolic extract of neural cells
stimulated with 5 nM sAPP695 at 37°C for 10 min. Effect
of H-7 in intact cells was examined by incubating cells
with 30 or 60 uM H-7 for 1 b, and stimulated with the
medium containing 5 nM sAPP695 followed by the in
vitro protein kinase assay. For direct activation of PKC,
the in vitro protein kinase assay was performed using the
cytosolic extract of neural cells treated with the medium
alone in the presence of 1 uM PMA. Downregulation of
PKC was carried out by incubating neural cells with 250
aM PMA at 37°C for 18 h, and then stimulated with 5 nM
SAPP695 for 10 min, followed by the in vitro protein
kinase assay. Neural cells were preincubated with 0.005%
DMSO and subsequently stimulated with either the medium
alone or 5 nM sAPP695 under the same conditions as a
control. In addition, all the cytosolic extract of cells used
for the in vitro protein kinase assay contained 0.5 pg of
proteins.

2.5. Detection of MARCKS and GAP-43

The in vitro protein kinase assay was carried out as
described above by incubating the cytosolic extract of
neural cells (containing 10 pg of proteins) with [y-
2PJATP (100 uM, 10 pCi in 10 pl of kinase buffer at
30°C for 15 min. The mixture was separated on 4-20%
SDS—-PAGE, iransferred to a polyvinylidene difluoride
(PVDF) membrane (Millipore, Bedford, MA) and visual-
ized by autoradiography. The membrane was incubated
with rabbit polyclonal antibodies to MARCKS and GAP-43
(diluted to 1:2000 and 1:1000, respectively), followed by
anti-rabbit IgG conjugated to horseradish peroxidase (di-
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Inted to 1:3000, Amersham) and deteciion by the enhanced
chemiluminescence system (Amersham),

In the immunoprecipitation experiment, the in vikre
protein kinase assay was performed by incubating the
eytosolic extract of sAPP693-stimulated cells (containing
50 g of proteins) with {y-PPJATP (1 M, 10 pwCi) at
30°C for 15 min, followed by incubation of the mixture
with 4 ] of mti-MARCKS antibody at 4°C for 1 h. The
immune-complex was recovered with 20 pl of 30% pro-
tein A /G PLUS-Agarose (Santa Cruz Biotechnology) and
washed twice with lysis buffer (10 mM Tris-HCI, pId 7.5,
containing 0.5 M NaCl, 0.5% NP-40 and 0.1 mM Na,VO,).
Proteins were solubilized in 2 X Laemmli sample buffer,
separated on 4-20% SDS-PAGE and visualized by anto-

radiography.

2.6. Immunoprecipifation and immunoblot analysis of
PLCy]

The cytosolic extract of neural cells (containing 380 p.g
of proteins) was preincubated with 20 ul of 50% protein
A /G PLUS-Agarose at 4°C for 1 h, and the supernatant
was incubated with 5 pg of anti-PLCv1 polyclonal anii-
body or anti-phosphotyrosine monoclonal antibody (clone
4G10, Upstate Biotechnology, Lake Placid NY) at 4°C
overpight. The immune-compiex was collected with 30 .l
of 50% protein A /G PLUS—-Agarose, washed three times
with lysis buffer andresuspended in 2 X Laemmli sample
buffer. Proteins were separated on 2-15% SDS-PAGE
and transferred to 2 PVDF membrane. The membrane was
incubated with 4G10 anti-phosphotyrosine antibody or
anti-PLC~1 antibody (I g per ml), followed by anti-
mouse IgG or anti-rabbit IgG conjugated to horseradish
peroxidase and detection by the chemiluminescence method

as described above.
2.7, IP; measurement

The newral cultures were preincubated with DMEM
confaining 10 mM LiCl at 37°C for S min and then
exposed to 5 nM sAPPGSS for the times indicated. The
reaction was terminaied by addition of a 0.2 volume of
ice-cold 20% perchloric acid. The samples were kept on
ice for 20 min and transferred to microtubes and then
centrifuged at 2000 X g for 15 min ai 4°C. The super-
natants were neutralized by addition of ice-cold 1.53 M
KOH for 20 min on ice. After centrifugation at 2000 X g
for 10 min, aliquots of the supernatanis were used for IP;
analysis using an IP; assay kit (Amersham).

3. Resulis

3.1, Protein phosphorylation in the cytosolic extract of
SAPPB95-stimulated neural cells

In order to detect the changes in phosphorylation of the
endogenous profeins in the sAPP693-stimulated cells, the

in vitre protein kinase assays were performed. Embryonic
day 17 tais neocortical cells were stimulated with either
the medinm alone or the medium containing recombinant
sAPP695, which was prepared from the yeast expression
systemn [22]. Afier the stimulation, the cytosolic extract of
neural cells was prepared and subjected to the in vitro
protein kinase assay (Fig. 1). The results showed that
SAPPG93 induces infensive phosphorylation of the endoge-
nous substrates with a molecular mass of about 30, 57 and
43 kDa in a dose-dependent manner (Rig. 1A). The maxi-
mun level was obtained with 5 nM sAPP695 (Fig. 1A,
lane 4). The cytosolic extract of neural cells ireated with
the medium alone did not show significant phosphoryla-
tion of these proteins (Fig. 1A, lane 1). Phosphorylation of
the proteins was also dependent on the duration of cell
incubation with sAPP695 (Fig. 1B). sAPPG695-enhanced
phosphorylation of the proteins reached iis maximum level
within 10 min (Fig. 1B, lane 4). On the other hand,
treatment of cells for 10 min with the same volume of the
sample from the yeast transfected with the empty vector
did not induce significant phosphorylation of the endoge-
nous substrates (Fig. 1B, lane 5).

To characterize the protein kinases involved in
sAPP695-enhanced phosphorylation of the proteins, we
first examined heat stability and alkaline sensitivity of
these endogenous substrates after the in vitro protein ki-
nase assay. The 80- and 43-kDa proteins were resistant to
heat treatment, whereas the 57-kDa protein disappeared by
this treatment (Fig. 24, lane 3). When the same gel was

A B
£ APP (nl) Time (min)
=
S1 35 025 10 10
116 .. .- e
7.4 —
66 =
a5 =
2 -
i 2 3 4 1 2 3 4 5

Fig. 1. Concentration dependence and time course of sAPPG93-enthanced
protein phosphorylation. {A) Neural cells were incubated with the mediura
alone (Courol) (lane 1} or indicated concentrations of SAPP695 {APF)
(tanes 2—4) for 10 min. The cytosolic extract of cells was subjected to the
in vitro protein kinase assay as described in Section 2. The reaction was
terminated by adding Laemmli sample buffer, and the phosphorylated
oteins were separated on SDS-PAGE followed by autoradiography.
The positions and sizes of the molecular mass markers and the phospho-
rylated proteins are shown on the left and right, respectively (sizes are in
kDa}. (B) Neural cells were incubated with 5 nM sAPP695 for the times
indicated (lanes 1-4). Cells were also treated with the same volume of
the sample prepared from the yeast transfected with the empty vector for
10 min (lane 5).
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Fiz. 2. Heat stability and alkaline sensitivity of the endogenous subsirates.
(A4) Cells wera treated with the medium or § nM sAPP6S5 for 10 min,
and the cytosolic extract of cells was subjected to the in viiro protein
Linase assay. The reaction was terminated by adding Laemmli sample
buffer (lanes t and 2) or heating (lane 3) and the phosphorylated proteins
were apalyzed by SDS-PAGE followed by autoradiography. The posi-
tions and sizes of molecular mass matkers are shown on the left (sizes are
in kDa). (B) The alkaline treatment of the gel shown in (A). The positions
of the phosphorylated proteins are shown on the right (sizes are in KDa).

subjected to alkaline ireatment, the 80- and 43-kDa bands
completely disappeared (Fig. 2B, lanes 2 and 3), but the
57-kDa band was still prominent (Fig. 2B, lanes 1 and 2).
These results indicaied that the 80- and 43-kDa proteins
were phosphorylated at serine and/or threonine residues,
and the 57-kDa protein was mostly phosphotylated at
tyrosine residues.

3.2, Effect of protein kinase inhibitors

Next, we investigated the effect of various protein
kinase inhibitors on the phosphorylation. The in vitro
protein kinase assay was performed with the cytosolic
extract of neural cells in the presence of either DMSO or
varions concentrations of protein kinase inhibitors. DMSO
(a final concentration of Iess ihan 0.05%) used as a vehicle
did not affect phosphorylation of the proteins (Fig. 3A,
lanes 1 and 2). PKC inhibitor FI-7, that inhibits PKC with
an 1C, value of 6.0 M [11], markedly reduced phospho-
rylation of the 80- and 43-kDa proteins in a dose-depen-
dent manner (Fig. 3A, lenes 3--3). By conlrast, phosphory-
lation of the 37-kDa protein was partially reduced by H-7.
Since H-7 also inhibits cyclic AMP-dependent protein
kinase with an IC;, value of 3.0 wM, we examined the
effect of H-89, which specifically inhibits cyclic AMP-de-

pendent protein kinase with an ICy, value of 0.05 p.M [4].
H-89 did not significantly reduce phosphorylation of the
proteins (Fig. 3A, lanes 6 and 7). We also examined the
effect of KN-62, which specifically inhibits
Ca®* /Calmodulin kinase I with an ICg, value of 0.9 p.M
[34], and found that the phosphorylation was not signifi-
cantly inhibited by 5 M KN-62 (Fig. 3A, lane 8). These
results suggest that PKC is mainly involved in sAPP695-
enhanced phosphorylation of the 80- and 43-kDa proteins.

We further examined the effect of H-7 on sAPP695-en-
hanced phosphorylation of the proteins in intact cells (Fig.
3B). Pretreatment of cells with 60 oM H-7 for 1 h
followed by activation with 5 nM sAPP695 completely
inhibited phosphorylation of the 80- and 43-kDa proteins.
On the other hand, phosphorylation of the 57-kDa protein’
was partially inhibited by this treatment (Fig. 3B, lane 3).
The extent of the inhibition depends on the concentration
of H-7, suggesting that H-7 inhibits PKC-mediated phos-
phorylation of the proteins in intact cells. These results
taken together show that PKC is a major component in the
kinase activities that stimulated by sAPP695 in neural
cells. In addition to this, a partial inhibition of phosphory-
lation of the 57-kDa protein by H-7 may indicate that,
besides protein tyrosine kinase, PKC is also involved in
phosphorylation of this protein.
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Fig. 3. Effect of protein kinase inhibitors on sAPP5-enhanced phospho-
rytation, (A) Cells were treated with the medinm or 5 nM sAPP69S for 10
min. The in vitre protein kinese assay was performed with the cytosolic
exiract of cells in the prescoce of either DMSO (lanes | and 2} or vatious
coucentrations of protein kinase inhibitors (lanes 3-8). (B) Effect of H-7
on sAPP6YS-enhanced phosphorylation of the proteins in intact cells.
Cells were preincubated with either vehicle (lanes 1 and 2} ot H-7 (lanes
3 gnd 4) 2t 37°C For 1 1 and then stimulated with the medivm (lane 1) or
% oM sAPPEDS (lanes 7—4) for 10 min. The cytosolic exiract of cells was
subjected to the protein kinase nssay and analyzed by SDS-PAGE
followed by astoradiography.
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Fig. 4. Bffect of PMA on phosphorylation of the endogenous substrates.
(A) Direct activation of PKC in ¢he in vitro protein kinase assay. Cells
were treated with the mediam (lanes 1 and 2) or 5 nM sAPP69S (lane 3}
for 10 min, and the cytosolic extract of cells was subjected to the in viiro
protein kinase assay with (lane 2) or without (lanes 1 and 3) 1 pM PMA.
{(B) Downreguiation of PEC in cells by PMA. Cells were treated with
0.005% DMSO (lanes 1 and 2) or 250 nM PMA (lane 3) for 18 h and
stimulated with the medium {lane 1) or 5 nM APPG95 (lanes 2 and 3) for
10 min, followed by the in vitro protein kinase assay.

3.3. Effect of PMA

I sAPP693-enhanced phosphorylation of the proteins is
due to the result of activation of PKC in the cells, direct
activation of PK.C in vitro should also induce the enhanced
phosphorylation of the same endogenous substrates. Thus,
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Kinase Assay

Aniti-MARCKS

we have activated PKC by PMA in the in viiro protein
kinase assay and compared the phosphorylation patiern to
that induced by sAPP695. The cytosolic extract of neusal
cells treated with the medium alone did not show signifi-
cant phosphorylation of the proteins (Fig. 4A, lane 1),
whereas addition of 1 wM PMA induced intensive phos-
phorylation of the 80- and 43-kDa proteins and slightly
increased that of the 37-kDa protein (Fig. 4A, lane 2).
Furthermore, we examined the effect of downregulation of
PKC by prolonged treatment of cells with PMA on the
phosphorylation of these proteins, The living cells were
incnbated with either 0.005% DMSO (Fig. 4B, lanes 1 and
2) or 250 aM PMA (Fig. 4B, lane 3) at 37°C for 18 h and
then stimulated with the medium alone (Fig. 4B, lane 1) or
the medium containing 5 nM sAPP695 (Fig. 4B, lanes 2
and 3) followed by the in vitro protein kinase assay.
Pretreatment of neural cells with DMSO did not affect
phosphorylation of the proteins. On the other hand, down-
regulation of PKC by prolonged PMA-treatment com-
pletely abolished sAPPG95-enhanced phosphorylation of
the 80- and 43-kDa proteins, and slightly decreased an
intensity of the 57-kDa band (Fig. 4B, lane 3). These
results strongly suggest that sAPP69S activates PKC in
imtact cells.

3.4. Identification of the 80- and 43-kDa proteins

Since our findings indicate that activation of PKC is
induced by sAPP69S, it is conceivable that the 80- and
43-kDa proteins phosphorylated by sAPP695-stimulation
are the PKC substrates. Judging from their size, heat
stability and sensitivities to alkaline treatment (Fig. 2), we

D
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S
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o

APP

= 80

1L.P. : Anti-MARCKS

Fig. 5. Identification of the 80- and 43-kDa proteins, (A) The in vitro protein kinase assay was performed using the oytosolic extract of neural cells treated
with the medivm or 5 nM sAPP6YS for 10 min. The phosphorylated proteins were separated on SDS—PAGE, transferved to a FVDF membrane and
visualized by autoradiography. (B) The membrane was probed with anti-GAP-43 antibody. Rat brain GAP-43 was loaded as a positive control (GAP-43).
{C) Immunoblot analysis with anti-MARCKS antibody. Rat brain MARCKS was loaded as a positive control (MARCEKS). (D) Immunoprecipitation of
MARCKS after the protein kinase assay. An autoradiogram of the protein kinase assay is shown on the left and middle lanes. Immunoprecipitation with
anti-MARCKS antibody was performed on the cytosolic extract of sAPP69S5-stimulated oells after the protein kinase assay (LP.). The position of

MARCKS is shown by an arrowhead on the right.
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suspected that the 80- and 43-kDa proteins are the major
PKC substrates, MARCKS and GAP-43, respectively. To
examine these possibility, we performed immunoblot anal-
ysis after the in vitro protein kinase assay. The phosphory-
lated proteins together with authentic MARCKS or GAP-43
were separated on SDS-PAGE, blotted to a PVDF mem-
brane and visualized by autoradiography (Fig. 3A). The
membrane was then immunoblotted with a polyclonal anti-
body raised against bovine brain GAP-43 (Fig. 5B) or rat
brain MARCKS (Fig. 5C). The phosphorylated 80- and
43-kDa proteins migrated to the same positions as authen-
tic MARCKS and GAP-43, and were immunoteaciive with
the respective antibodies. Moreover, when the sample of
sAPP695-stimulated cells was incubated with anti-
MARCKS antibody after the in vitro profein kinase assay,
the 80-kDa protein was cleatly immunoprecipitated (Fig.
3D}

3.5, sSAPP69S increases tyrosine phosphorylation of PLCy1

PKC is known to be activated by diacylglycerol (DAG)
which is generated from phospholipase C (PLC)-mediated
hydrolysis of inositol phospholipids. Our findings on acti-
vation of PEC by sAPP695 led us to speculate that
SAPP6O5 also activates PLC. To investigate this specula-
tion, we examined whether tyrosine phosphorylation of
PLC«y] was increased by sAPPG9S-stimulation, because
PLCw1 is predominanily expressed in the brain. The cy-
tosolic extract of cells treated with either the medium
alone or 5 oM sAPP69S were immunoprecipitated with
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Fiz. 6. Tyzosine phosphiorylation of PLCy1 by sAPPE93. (A) The cytosolic &

after SDS—PAGE and electrotransfer, the membrane was immunoblotied (LB.) with anti
cells was immunoprecipitated with anti-phosphotyrosine antibody and subsequently

ve of three similar experiments. The positions and sizes of the molecular mass

reprobed with anti-PLCy1 antibody. {C) The cytosolic extraci of

tmmunoblotizd with anti-PLC~1 antibody. The data shown are representati

warkers are shown on the lefi (sizes ave in kDa).

Canirol
APP

#en #8 ~PLOY!

LP. : Anii-PLCyl
LB. : Anti-PLCyi
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anti-PLCy1 antibody and subsequently immmunoblotted
with anti-phosphotyrosine antibody, 4G10 (Fig. 6A). The
cytosolic extract of cells stimulated with 5 nM sAPP693
revealed the increase of tyrosine phosphorylation of sev-
eral proteins in anti-PLCy1 immunoprecipitates. The most
prominent band with an apparent meolecular mass of around
145 kDa was identified as PL.Cvy1 by reprobing the same
membrane with anti-PLC~1 antibody (Fig. 6B). As shown
in Fig. 6B, similar amounts of PLCy1 were present in the
cytosolic extract of neural cells treated with the medium
alone or sAPPG9S. Additional bands detected in the im-
munoprecipitates are likely to be the PL.C~1-assoctated
proteins. To confirm whether tyrosine phosphorylation of
PLCvyl was indeed stimulated in the cytosolic extract of
sAPP695-treated cells, the samples were immunoprecipi-
tated with anti-phosphotyrosine antibody and subsequently
immunoblotted with anti-PLC~1 antibody (Fig. 6C). Again,
tyrosine phosphorylation of PLCy1l was significantly in-
creased in the cytosolic exiract of neural cells stimulated
with SAPP693. These results suggest that the stimulation
of cells with sAPP695 induces an activation of PLCvyl.

3.6. Effect of sAPP69S5 on cellular IP; formation

Activation of PLC+y1 has been known to generate IP; as
a result of hydrolysis of inositol phospholipids. To confirm
the activation of PLC+1 induced by sAPP69J, we exam-
ined the effects of sAPP69S on the formation of IP; in
peural cells. Stimulation of cells with 5 nM sAPP695
caused a significant increase in IP, content in the cells

LB, : Anii-PY
LB, : Anti-PLCyl

-phosphotyrosine (PY) aatibody. (B} The same membrane was
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Fig. 7. Enhanced formation of IPy by SAPPG93. Cells were treated with 5
nM sAPP695 for the times indicated. IP, content was measured as
described in Section 2. Values are mean + S.E. of three separate experi-

Ments.

O 50 60

peaked at 30 s (Fig. 7). The result indicated that sAPP69S
stimulates phosphoinositide hydrolysis by PLCv1 in neural
cells.

4, Discussion

To detect the protein kinases that are specifically acti-
vated by sAPPG935-stirnulation, we first performed the in
vitro protein kinase assay by using the cytosolic extract of
neural cells. This experiment enabled us to detect
sAPP695-enhanced phosphorylation of the endogenous
substrates with a molecular mass of 80, 57 and 43 kDa.

We demonsirate that treatment of the kinase assay
sample or cells with PKC inhibitor H-7 completely blocked
the sAPP695-induced phosphorylation of the 80- and 43-
kDa proteins and partially reduced phosphorylation of the
57-kDa protein (Fig. 3). Direct activation of PKC by
application of PMA in vitro also induced intensive phos-
phorylation of the 80- and 43-kDa proteins and slightly
increased phosphorylation of the 57-kDa protein (Fig. 4A).
Moreover, downregulation of PKC in cells by prolonged
treatment with PMA led to the loss of phosphorylation of
the 80- and 43-kDa proteins (Fig. 4B). These observations
strongly suggest that sAPP695-enhanced phosphorylation
of the profeins is due to activation of PEC in intact cells.
Additionally, the results of immunoblot and immuno-
precipitation experiments suggest that the 80- and 43-kDa
proteins are most likely io be the major PKC substrates,
MARCKS and GAP-43, respectively (Fig. 5).

If sAPPG6YS induced the activation of PKC, it is reason-
able to expect an activation of PLC which generates DAG,
the physiological activator of PKC. In fact, we showed that
treatment of cells with sAPP695 increased tyrosine phos-
phorylation of PLCy1 (Fig. 6), indicating that sAPP693
activates PL.Cv1 in intact cells. Furthermore, we demon-

strate that the formation of IP, in neural cells was in-
creased by sAPP695-stimulation (Fig. 7). These results
strongly suggest that PLCy1 and PKC are stimulated by
sAPP695 in neural cells.

sAPPG9S has been reported to reveal various biological
activities in development of the brain. Among these func-
tions of SAPPE9S, a number of studies have indicated that
it plays an important role in the regulation of neurite
outgrowth {19,20,29]. Our previous findings that sAPP695
promotes neurite outgrowth in cultured rat neocortical
neurons [22] support these observations. Furthermore, our
present results showing that sAPP69S stimulates PKC
activity support these ideas, since activation of PKC has
been shown to enhance neurite outgrowth in developing
neurons and several cell lines [2,12,33]. In sympathetic
neurons, conventional PKC, which shows Ca®*-depend-
ency for the activity [21], is localized to growth cones and
activates neurite outgrowth [2]. In addition, intraneuronal
delivery of a pseudosubstrate peptide of PKC, a specific
inhibitor of conventional PKC, leads to collapse of growth
cones in cultured embryonic rat cortical neurons [33]. In
PC12 cells, overexpression of PKCe, a Ca?*-independent
isoform of PKC, enhances nerve growth factor-induced
phosphorylation of MAPK and neurite outgrowth [12].

PKC has been reported to mediate MAPK activation
through a poorly understood mechanism involving the
activation of Ras [37] and Raf kinase [15,35]. Our present
findings on activation of PKC by sAPP695 suggest the
possibility that sAPP693 leads to activation of MAPK. In
fact, this possibility is supported by an eatlier report that
sAPP stimulates the Ras-dependent MAPK cascade in
PC12 cells [10]. Since MAPK has a wide variety of
cellular targets, activation of MAPK by sAPP695 may
have a number of functional effects on newvral cells.

In this study, we observe potent phosphorylation of two
endogenous PXC substrates, the 80- and 43-kDa proteins,
after stimulating neural cells with sAPP695. On the other
hand, according to the results of alkaline treatment, the
57-kDa protein was phosphorylated at tyrosine residues,
indicating that protein tyrosine kinases are also involved in
sAPP695-enhanced phosphorylation of the proteins. We
suspect that the 57-kDa protein was a member of the Stc
family protein tyrosine kinase, because Src has been shown
to be a PKC substrate [9,25] and the Src family consists of
major cytosolic protein tyrosine kinases in various cells,
including neurons [36]. The possible contiibution of Src
family tyrosine kinase to sAPP695-enhanced phosphoryla-
tion of the proteins remains to be determined. However,
the present findings that tyrosine phosphorylation of
PLC~1 is also stimulated by sAPP695 suggest that certain
tyrosine kinases are involved in the sAPP693-induced
signal transduction. Our findings on activation of PLCv1
and PKC by sAPP695 also suggest the possibility that
sAPP695 stimulates phosphatidylinositol metabolism
through interaction with its cell surface receptor-like
molecule. Determination of the specific receptor-like



M. Ishiguro et al. / Molecular Brain Research 53 (1998) 24-32

molecule for sAPP695 will provide further understanding
of the molecular mechanisms involved in the biological

activity of sAPP695.
Finally, in this study, we demonstrate that sAPP693

activates signaling molecules in neural cells. However,
effects of other isoforms of sAPP, for example sAPP751
and sAPP770, remain unknown. The effects of these iso-
forms on the signaling cascade must be elucidated in

future investigation,
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