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Abstract Glycogen synthase kinase-33 (GSK-3f3) is a key
element to phosphorylate tau and form neurofibrillary tangles
(NFTs) found in tauopathies including Alzheimer’s disease
(AD). A current topic for AD therapy is focused upon how
to prevent tau phosphorylation. In the present study, PKCe
activated Akt and inactivated GSK-3f3 by directly interacting
with each protein. Inhibition of protein tyrosine phosphatase
1B (PTP1B), alternatively, caused an enhancement in the ty-
rosine phosphorylation of insulin receptor substrate 1 (IRS-1),
allowing activation of Akt through a pathway along an IRS-1/
phosphatidylinositol 3 kinase (PI3K)/3-phosphoinositide-de-
pendent protein kinase-1 (PDK1)/Akt axis, to phosphorylate
and inactivate GSK-33. Combination of PKCe activation and
PTPIB inhibition more sufficiently activated Akt and
inactivated GSK-3f3 than each independent treatment, to sup-
press amyloid (3 (Af3)-induced tau phosphorylation and ame-
liorate spatial learning and memory impairment in 5SXFAD
transgenic mice, an animal model of AD. This may represent
an innovative strategy for AD therapy.
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Introduction

Alzheimer’s disease (AD) is a really tragic disease that a hu-
man being loses human dignity. AD is characterized by exten-
sive deposition of amyloid 3 (Af) and formation of neurofi-
brillary tangles (NFTs) consisting of hyperphosphorylated tau.
One thinks that A3 and tau serve as an initiator and an exec-
utor of AD dementia, respectively. The pathogenic mecha-
nisms of AD, however, are not fully understood as yet. So
far, the major focus of the AD research has been A3, and a
variety of Af-targeted drugs have been developed for AD
therapy but ended in failure. Accordingly, the focus of the
AD research is currently turned to tau.

Tau includes six isoforms referred to as T3L, T3S, 13, T4L,
T48S, and T4 [1]. Tau is abundantly expressed in neurons of the
central nervous system and stabilizes microtubules by
interacting with tubulin. Tau also interacts with other cytoskel-
etal components spectrin and actin filaments or the isomerase
Pin 1. Microtubles are the tracks for motor proteins bearing
intracellular transport of vesicles, organelles, and protein com-
plexes [1, 2], and tau modulates microtubule dynamics includ-
ing axonal transport [3—7]. Moreover, expression of tau is
upregulated during neuronal development to promote genera-
tion of cell processes and establish cell polarity [8].

In AD, Tau is hyperphosphorylated, is missorted into the
somatodendritic compartment, and aggregates into NFT [9].
A3 induces tau phosphorylation, enhances tau pathology, and
accelerates NFT formation [10—15]. Tau is phosphorylated by
a variety of serine/threonine protein kinases such as GSK-3f3,
cyclin-dependent kinase 5 (CDKSY), extracellular-signal-
regulated kinase 2 (ERK2), S6 kinase, microtubule-affinity-
regulating kinase (MARK), SAD kinase, and PKA or Src
family kinases such as fyn and c-Abl [16-18]. Of them, the
essential kinase is GSK-3 3, which is inactivated and activated
each through its phosphorylation at Ser9 and Tyr216 [17].
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Akt, a serine/threonine protein kinase, is activated through a
pathway along a receptor tyrosine kinase (RTK)/IRS-1/PI3K/
PDK1/Akt axis, to phosphorylate and inactivate GSK-33
[19]. Tau phosphorylation, accordingly, should be suppressed
by activating Akt through a RTK pathway or directly
interacting with Akt and GSK-3f3.

We show here that combination of PKCe activation and
PTP1B inhibition effectively suppresses Af3-induced tau
phosphorylation by targeting Akt and GSK-3f3, leading to
improvement of spatial learning and memory impairment in
5xFAD AD model mice.

Methods
Animal Care

All procedures have been approved by the Animal Care and
Use Committee at Hyogo College of Medicine and were in
compliance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Cell Culture

PC-12 cells, obtained from RIKEN Cell Bank (Tsukuba, Ja-
pan), were cultured in DMEM with 10 % (v/v) heat-
inactivated FBS and 10 % (v/v) heat-inactivated horse serum
supplemented with penicillin (100 U/ml), and streptomycin
(0.1 mg/mL), in a humidified atmosphere of 5 % CO, and
95 % air at 37 °C.

Construction and Transfection of siRNA

The small interfering RNAs (siRNAs) to silence the PI3K-,
PDK1-, Aktl/2-, PKCe-, mammalian target of rapamycin
(mTOR)-, or PTP1B-targeted gene and the negative control
siRNA (NC siRNA) were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA) and Ambion (Carlsbad, CA,
USA). siRNAs were transfected into PC-12 cells using a Li-
pofectamine reagent (Invitrogen, Carlsbad, CA, USA), and
cells were used for experiments 48 h after transfection.
Knockdown of the relevant proteins was confirmed in the
Western blot analysis (Supplementary Fig. S1a—f).

Plasmid Construction and Transfection of Plasmid PKCe

Nucleotide sequence coding for PKCe was cloned into
pcDNA6/VS-His A vector (Invitrogen) at the Kpnl-Xhol site,
and the PKCe plasmid was constructed. The PKCe plasmid
was transfected into PC-12 cells using a Lipofectamine re-
agent (Invitrogen), and cells were used for experiments 48 h
after transfection. Knocking-in of PKCe was confirmed in the
Western blot analysis (Supplementary Fig. S1g).
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Western Blotting

Western blotting was carried out using antibodies against
Aktl1/2 (Cell Signaling, Beverly, MA, USA), phospho-
Thr308/309-Akt1/2 (pT308/309; Cell Signaling), phospho-
Ser473/474-Aktl/2 (pS473/474; Cell Signaling), GSK-3(3
(Cell Signaling), phospho-Ser9-GSK-33 (pS9; Cell Signal-
ing), phospho-Tyr216-GSK-33 (pY216; BD Biosciences,
San Jose, CA, USA), PKCe (BD Biosciences), tau (Cell Sig-
naling), phospho-Ser202/Thr205-Tau (pS202/pT205; Thermo
Fisher Scientific, Rockford, IL, USA), phospho-Ser396-Tau
(pS396; Cell Signaling), [3-catenin (Cell Signaling), and
phospho-Ser33/Ser37/Thr41-3-catenin (pS22/S37/T41; Cell
Signaling).

Immunoprecipitation

Rat hippocampal slices (male Wistar, 6 weeks old; 400 pm)
were incubated in a standard artificial cerebrospinal fluid oxy-
genated with 95 % O, and 5 % CO, in the presence and absence
of 8-[2-(2-pentyl-cyclopropylmethyl)-cyclopropyl]-octanoic
acid (DCP-LA; 100 nM) for 3 min at 34 °C. Then, slices were
homogenized by sonication in TBS-T [150 mM NaCl, 0.1 % (v/
v) Tween-20 and 20 mM Tris, pH 7.5] containing 1 % (v/v)
protease inhibitor cocktail and 1 % (v/v) phosphatase inhibitor
cocktail and, subsequently, homogenates were centrifuged at
800g for 5 min at 4 °C. Supernatants (200 png of protein) were
incubated with an anti-PKCe antibody overnight at 4 °C. Then,
20 ul of protein G sepharose (GE healthcare, Piscataway, NJ,
USA) was added to the extracts and incubated for 60 min at
4 °C. Pellets were washed three times with TBS-T and dis-
solved in an SDS sample buffer [0.2 mM Tris, 0.05 % (w/v)
SDS, 25 % (v/v) 2-mercaptoethanol, and 20 % (v/v) glycerol,
pH 6.8] for Western blotting.

Cell-Free Kinase Assay

In the cell-free Akt assay, human recombinant Aktl (Active
Motif, Carlsbad, CA, USA), Akt2 (Active Motif), or Akt3
(Active Motif) was reacted with human recombinant PKCe
(Calbiochem, San Diego, CA, USA) or human recombinant
PKCvy (Calbiochem) in medium A (20 mM Tris—HCI,
5 mM Mg acetate, and 1 mM ATP, pH 7.5) containing DCP-
LA or diDCP-LA-PE or with PI3K (p1103/p85«; Sigma, St.
Louis, MO, USA) or PDK1 (SignalChem, Richmond, Cana-
da) in medium B (25 mM 3-morpholinopropanesulfonic acid,
25 mM MgCl,, 12.5 mM glycerol 2-phosphate, 5 mM EGTA,
2 mM EDTA, 0.25 mM dithiothreitol, and 0.25 mM ATP,
pH 7.2) at 30 °C for 20 min. In the cell-free GSK-3[3 assay,
human recombinant GSK-3(3 (Sigma) was reacted with hu-
man recombinant PKCe in the medium A containing DCP-
LA or human recombinant Aktl, Akt2, or Akt3 in a medium
C (20 mM Tris—HCI, 5 mM Mg acetate, 12.5 mM glycerol 2-
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phosphate, and 250 uM ATP, pH 7.5) at 30 °C for 20 min. In
the cell-free 3-catenin assay, human recombinant {3-catenin
(Abcam, Cambridge, UK) was reacted with human recombi-
nant GSK-3f3 in the medium B containing DCP-LA at 30 °C
for 20 min. Then, phosphorylation of each protein was mon-
itored in the Western blot analysis.

Water Maze Test

5xFAD mice were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA) and maintained by crossing hetero-
zygous transgenic mice with B6/SJL F1 breeders. Non-
transgenic wild-type littermate mice were used as controls. It
is recognized that suppression of long-term potentiation, a
cellular mode of learning and memory, in the hippocampal
CAL region or impairment of hippocampal-dependent fear
memory formation is found in 5xFAD mice at 6 months of
age, but not at <4 months of age. We, therefore, carried out
water maze tests using male mice at 5.5-6.5 months of age.
A circular plastic water tank 90 cm in diameter and 36 cm
deep was used for a water maze test. The entire inside of the
pool was white, and the pool was filled up to 20 cm from the
bottom with murky water containing white Indian ink at 22—
25 °C. A platform (11 cm in diameter) painted white was
placed in the water, the top sinking 1 cm below the water
surface. The pool was put in a test room, where there were
several marks that mice were able to see from the pool. The
position of the marks remained unchanged throughout testing.
A platform was located in the constant position, i.e., in the
middle of one quadrant, equidistant from the center and edge
of the pool. Mice facing the wall of the pool were placed into
water at one of three positions selected at random, and time
from start to escape onto the platform (escape latency) was
measured. When they had succeeded, mice were allowed to
stay on the platform for 10 s. When mice failed to find the
platform within 90 s, the trial was stopped and mice were put
on the platform for 10 s. Two trials were carried out for a day,
and the second trial began 30 s after the end of the first trial.
Mice received the task for 8 consecutive days, and the mean
latency from 2 consecutive days was calculated. Then, we
tested two trials again 7 days later, and time from start to
escape onto the platform was monitored as retention latency.
Mice were killed after water maze test, and the hippocampus
was isolated from the brain, followed by Western blotting.
8-[2-(2-Pentyl-cyclopropylmethyl)-cyclopropyl]-octanoic
acid (DCP-LA) was dissolved with polyethylene glycol
(PEG). DCP-LA or PEG was administered daily using a feed-
ing needle from 7 days before to the end of water maze test.

Statistical Analysis

Statistical analysis was carried out using unpaired #- test, anal-
ysis of variance (ANOVA) followed by a Bonferroni

correction, and ANOVA followed by Fisher’s protected least
significant difference (PLSD) test.

Results

PTP1B Inhibition and PKCe¢ Are Implicated
in the Activation of Akt

The linoleic acid derivative DCP-LA serves as a potent
inhibitor of PTP1B and a selective activator of the nov-
el PKC isozyme PKCe [20-22]. We have found that
DCP-LA activates PKC in a bell-shaped concentration
(10 nM to 100 uM)-dependent manner in PC-12 cells,
with the maximum at 100 nM [21]. We, therefore, used
100 nM of DCP-LA for the present experiments using
hippocampal slices and PC-12 cells. DCP-LA enhanced
phosphorylation of IRS-1 at Tyr1222 (Fig. la) and
Akt1/2 at Thr308/309 and Ser473/474 in rat hippocam-
pal slices (Fig. 1b—d). DCP-LA-induced Aktl/2 phos-
phorylation at both the sites was inhibited by the
PI3K inhibitor wortmannin (WM, Fig. 1b), while the
phosphorylation at Thr308/309 alone was abrogated by
the PDK1 inhibitor BX912 (BX, Fig. 1c). Similarly,
DCP-LA enhanced Aktl/2 phosphorylation in PC-12
cells, and the phosphorylation at Thr308/309 and
Ser473/474 or only Thr308/309 is inhibited by
knocking-down PI3K (Fig. 2a) or PDKI1 (Fig. 2b), re-
spectively. Collectively, these results suggest that Akt is
activated through an IRS-1/PI3K/PDKI1 pathway stimu-
lated in association with PTP1B inhibition.

Notably, the PKC inhibitor GF109203X (GF) cancelled
DCP-LA-induced Aktl/2 phosphorylation at Ser473/474 in
rat hippocampal slices (Fig. 1d). Moreover, the phosphoryla-
tion at Ser473/474 in PC-12 cells was prevented by knocking-
down PKCe (Fig. 2c). These results indicate that PKCe is
implicated in Aktl/2 activation, regardless of PTP1B
inhibition.

PTP1B Inhibition and PKCe Are Implicated
in the Inactivation of GSK-3f3

If DCP-LA activates Akt, the drug should phosphorylate and
inactivate GSK-3 3. To address this issue, we monitored phos-
phorylation of GSK-33. DCP-LA significantly enhanced
GSK-33 phosphorylation at Ser9 in rat hippocampal slices,
although Tyr216 phosphorylation was not affected (Fig. le—
h). DCP-LA-induced Ser9 phosphorylation was abolished by
WM (Fig. le) and the Akt inhibitor MK2206 (MK, Fig. 1g),
although it was not significantly inhibited by BX (Fig. 1f).
DCP-LA-induced Ser9 phosphorylation in PC-12 cells was
clearly inhibited by knocking-down PI3K (Fig. 2d), PDK1
(Fig. 2e), or Aktl/2 (Fig. 2f). These results suggest that Akt,
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Fig. 1 Hippocampal slices were
untreated and treated with DCP-
LA (100 nM) in the absence and
presence of WM (1 uM), BX
(100 nM), GF (100 nM), or MK
(5 uM) for 3 min, and
phosphorylation of IRS-1 (a),
Aktl/2 (b—d), and GSK-3(3 (e-h)
was monitored in the Western
blotting. The arrow shown in (h)
indicates the signal band at

46 kDa for pY216-GSK-3f3. In
the graphs, each column
represents the mean (=SEM)
signal intensity for
phosphorylation relative to that
for each protein (n=4
independent experiments). P
value in (a), unpaired -test. P
values in (b—h), ANOVA
followed by a Bonferroni
correction. NS, not significant

Fig.2 PC-12 cells, transfected
with the siRNA for negative
control (NC), PI3K, PDKI1,
Aktl/2, or PKCeg, were untreated
and treated with DCP-LA

(100 nM) for 3 min, and
phosphorylation of Akt1/2 (a—c)
and GSK-3f3 (d-g) was
monitored in the Western blotting.
KD, knockdown. In the graphs,
each column represents the mean
(+SEM) signal intensity for
phosphorylation relative to that
for each protein (n=4-8
independent experiments). P
values, ANOVA followed by a
Bonferroni correction. NS, not
significant
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activated through an IRS-1/PI3K/PDKI1 pathway stimulated
in association with PTP1B inhibition, phosphorylates and in-
activates GSK-3f3.

DCP-LA-induced GSK-3 3 phosphorylation at Ser9, on the
other hand, was apparently inhibited by GF in rat hippocampal
slices (Fig. 1h) or knocking-down PKCe in PC-12 cells
(Fig. 2g). This indicates that PKCe is also implicated in the
inactivation of GSK-3f3.

[3-Catenin is recognized to be a substrate of GSK-33 [23].
DCP-LA significantly reduced phosphorylation of (3-catenin
at Ser33/Ser37/Thr41 in rat hippocampal slices (Supplemen-
tary Fig. S2a). This provides further evidence that DCP-LA-
induced PTP1B inhibition and PKCe activation cause GSK-
33 inactivation.

Fig. 3 In the cell-free systems, a
Aktl (1 ug/mL) (a), Akt2 (1 pg/

-ATP +GF

DCP-LA (uM) O 0 1 10 100 100

PKCe Activates Akt and Inactivate GSK-33 Through Its
Direct Interaction

We have earlier found that DCP-LA activates PKCe in a con-
centration (0.01-100 uM)-dependent manner under the cell-
free conditions, reaching maximum at 100 uM [21, 22]. We,
therefore, used 100 uM of DCP-LA for the present cell-free
experiments. In the cell-free kinase assay, DCP-LA phosphor-
ylated Aktl, Akt2, and Akt3 at Ser473, Ser474, and Serd72,
respectively, in the presence of PKCe in a concentration (1—
100 uM)-dependent manner, and the effect was abolished by
deleting ATP from extracellular solution or GF (Fig. 3a—c).
This implies that PKCe, activated by DCP-LA, directly phos-
phorylates and activates Akt.
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Aktl, Akt2, or Akt3 phosphorylated GSK-3f3 at Ser9
in a concentration (1-10 pg/mL)-dependent manner,
which was cancelled by deleting ATP from extracellular
solution or MK (Fig. 3d-f), confirming Akt-mediated
GSK-3f3 inactivation. This suggests that PKCe, activat-
ed by DCP-LA, activates Akt directly, to phosphorylate
and inactivate GSK-3f3 indirectly. Amazingly, DCP-LA
also phosphorylated GSK-33 at Ser9 in the presence of
PKCe in a concentration (1-100 pM)-dependent man-
ner, and the effect was abrogated by deleting ATP from
extracellular solution or GF (Fig. 3g). This implies that
PKCe, activated by DCP-LA, directly phosphorylates
and inactivates GSK-3f3.

In the cell-free assay, GSK-3 3 phosphorylated [3-catenin at
Ser33/Ser37/Thr41, and the GSK-33 inhibitor lithium actual-
ly inhibited the phosphorylation (Supplementary Fig. S2b).
Likewise, DCP-LA markedly reduced GSK-33-mediated (3-
catenin phosphorylation in the presence of PKCe (Supple-
mentary Fig. S2b). 3-Catenin was not phosphorylated in the
absence of GSK-33, and DCP-LA had no effect on (3-catenin
phosphorylation in the absence of GSK-3(3 and in the pres-
ence of PKCe (Supplementary Fig. S2c). These results sup-
port the notion that PKCe, activated by DCP-LA, directly
inactivates GSK-3f3, to inhibit phosphorylation of 3-catenin,
and that PKCe by itself is not engaged in the phosphorylation
of 3-catenin.

Fig. 4 Rat hippocampal slices a
were untreated and treated with

Na,vO, b

In the Western blot analysis using immunoprecipitants
from lysates of rat hippocampal slices with an anti-PKCe an-
tibody, the immunoreactive signals for Aktl/2 and GSK-3f3
were detected, and DCP-LA significantly enhanced the sig-
nals (Fig. 3h). This implies that PKCe associates with Akt1/2
or GSK-33 and DCP-LA significantly increased the associa-
tion. PKCe thus could activate Akt and inactivate GSK-3[3 by
directly interacting with each protein.

Combination of PKCe Activation and PTP1B Inhibition
Suppresses Tau Phosphorylation More Effectively than
Each Independent Treatment

The PTP1B inhibitor orthovanadate (Na;VO,) enhanced
Akt1/2 phosphorylation at Ser473/474 in rat hippocampal
slices, but phosphorylation of GSK-3[3 and tau was not affect-
ed (Fig. 4a—c). The PKC activator 1-oleoyl-2-acetyl-sn-glyc-
erol (OA-DAG), which activates PKCe to an extent similar to
that for DCP-LA as well as other PKC isozymes [21, 24] but
has lesser/no potential to inhibit PTP1B (Supplementary
Fig. S3a-c), did not enhance phosphorylation of Aktl/2,
GSK-3f3, tau, and {3-catenin in rat hippocampal slices, but
conversely, Aktl/2 phosphorylation at Ser473/474 and
GSK-3f3 phosphorylation at Tyr216 were significantly atten-
uated (Fig. 4d—g). Consequently, activation of Akt1/2, inacti-
vation of GSK-33, and suppression of tau phosphorylation are
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not effectively induced by sole PTP1B inhibition or non-
selective PKC activation.

In contrast, both knocking-down PTP1B and knocking-in
PKCe significantly enhanced phosphorylation of Aktl/2 at
Serd73/474 and GSK-3f3 at Ser9 in PC-12 cells as compared
with the phosphorylation induced by each independent proce-
dure (Fig. 5a, b). Phosphorylation of tau at Ser396 and f3-
catenin at Ser33/ Ser37/Thr41 was significantly inhibited only
by knocking-down PKCe, and no further inhibition was ob-
tained by additionally knocking-down PTPIB (Fig. 5c, d).
Taken together, these results indicate that combination of
PKCe activation and PTP1B inhibition is a valid tool to acti-
vate Akt, inactivate GSK-3f3, and inhibit tau phosphorylation

Fig.5 The PTP1B siRNA and/or
the PKCe plasmid was
transfected into PC-12 cells, and
phosphorylation of Akt1/2 (a),
GSK-3f (b), tau (c¢), and 3-
Catenin (d) was monitored in the
Western blotting. KD,
knockdown; K7, knock-in. In the

a PTP1BKD =
PKCe KI

pT308/309 |

pS473/474

AKLT/2 i e s i

more sufficiently than each independent treatment and that
PKCe dominantly governs this machinery.

DCP-LA Suppresses Af3-Induced GSK-33 Activation
and Tau Phosphorylation

DCP-LA enhanced phosphorylation of IRS-1 at Tyr1222 and
Aktl/2 at Ser473/474 in mouse hippocampal slices untreated
and treated with AP 4, (Fig. 6a, b). A3 4, significantly re-
duced phosphorylation of GSK-3f3 at Ser9 and enhanced phos-
phorylation of Tau at Ser202/Thr205/Ser396 and (3-catenin at
Ser33/ Ser37/Thr41, which were neutralized by DCP-LA
(Fig. 6¢c—¢). Overall, these results lead to a conclusion that
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DCP-LA suppresses AP1_4r-induced GSK-3f3 activation and
tau phosphorylation by combination of PKCe activation and
PTP1B inhibition—the former bearing activation of Akt and
inactivation of GSK-3f3 through its direct interaction and the
latter involving indirect inactivation of GSK-3[3 through an
IRS-1/PI3K/PDK1/Akt pathway (Fig. 6f).

DCP-LA Ameliorates Spatial Learning and Memory
Impairment in SxXFAD Mice

We have found that the beneficial effect in behavioral tests is
obtained with 1 mg/kg of DCP-LA [25-27], and therefore, the
same dose of DCP-LA was used in the present experiments. In
the water maze test, the escape and retention latencies in
5xFAD mice at 6 months of age was prolonged as compared
with those in wild-type mice (Fig. 7a, b). This, taken together
with the finding that the escape latency in the visible platform
water maze test was not different between wild-type and
5xFAD mice (Supplementary Fig. S4a), confirms that the
prolonged escape latency in SXFAD mice is not due to dis-
turbed visual acuity but to learning impairment. Oral admin-
istration with DCP-LA for 7 days significantly shortened the

prolonged escape and retention latencies in SXFAD mice as
compared with those in PEG-administered mice (Fig. 7a, b).
There was no significant difference in the swim speed be-
tween PEG- and DCP-LA-administered groups in wild-type
and 5xFAD mice (Supplementary Fig. S4b). These results
indicate that the effect of DCP-LA on the prolonged latencies
in 5xFAD mice is not due to change in the motor activity but
to improvement of spatial learning and memory deficits in
5xFAD mice.

AP1_4> levels in the brain of 5XxFAD mice elevate in
an age-dependent manner, and marked spatial memory
deficits occur from 4-5 months of age [28]. GSK-3f3
phosphorylation at Ser9 and Tau phosphorylation at
Ser396 in the hippocampus from 5xFAD mice at
6 months of age were significantly decreased and en-
hanced, respectively, as compared with those in wild-
type mice at the same months of age, which were re-
stored to the basal conditions by DCP-LA (Fig. 7c, d).
DCP-LA thus appears to ameliorate spatial learning and
memory impairment in SXFAD mice by neutralizing
AfB-induced GSK-3f3 activation and tau
phosphorylation.

Fig. 6 Mouse hippocampal slices a b C Ai-42
were treated with AR 4> (1 uM) Apt42 DCP-LA -  + -+
in the absence and presence of Ap1-42 ooPiA - 4+ - 4 - . pa—
DCP-LA (100 nM) for 3 }}, DOPLA = 4+ - 4 oTs0na00 6 B Wl i e
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Discussion

Tauopathies are a class of neurodegenerative diseases associ-
ated with aggregation of hyperphosphorylated tau in an insol-
uble form in the brain, referred to as NFT, which include AD,
frontotemporal dementia, and parkinsonism linked to chromo-
some 17, progressive supranuclear palsy, Pick’s disease, and
corticobasal degeneration [29]. Several lines of evidence have
pointed to the relation between A3 and tau in the pathogenesis
of AD; Af induces tau phosphorylation, accelerates NFT for-
mation, and enhances tau pathology, or misfolded A3 induces
prion-like misfolded tau oligomers [13, 14, 30]. Tau aggrega-
tion is shown to precede 3-amyloid deposits by about 30 years
[31, 32]. To date, none of A{3-directed drugs for AD therapy

a Wild-type  5xFAD b
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Fig. 7 After oral administration with DCP-LA (DCP) (1 mg/kg) or PEG
for 7 days, wild-type and 5XxFAD mice at 6 months of age underwent
water maze task and then the hippocampus isolated from the brain for
Western blotting. a The escape latency in the water maze test. In the
graph, each point represents the mean (+SEM) latency from 2
consecutive days (n=11-12 independent mice). ***, #¥P<0.0001,
ANOVA followed by Fisher’s PLSD test. b The retention latency in the
water maze test. In the graph, each column represents the mean (:tSEM)
latency (n=11-12 independent mice). P values, ANOVA followed by a
Bonferroni correction. ¢, d Western blot analysis. The arrow shown in (c)
indicates the signal band at 46 kDa for pY216-GSK-3§. In the graphs,
each column represents the mean (£SEM) signal intensity for
phosphorylation relative to that for each protein (=11 independent
experiments). P values, ANOVA followed by a Bonferroni correction.
NS, not significant

have been successful and, therefore, a current target for AD
therapy focuses on tau.

The most significant finding in the present study is that
PKCe, activated by DCP-LA, phosphorylated Akt1/-2/-3 at
Serd73/-474/-472 and GSK-3{3 at Ser9 by directly interacting
with each protein. This implies that PKCe is capable of direct-
ly inactivating GSK-3f3 and indirectly through direct Akt ac-
tivation. In contrast, the conventional PKC isozyme PKCry,
activated by the phosphatidylethanolamine derivative 1,2-O-
bis-[8-{2-(2-pentyl-cyclopropylmethyl)-cyclopropyl}-
octanoyl]-sn-glycero-3-phosphatidylethanolamine (diDCP-
LA-PE)[33], had no effect on phosphorylation of Aktl1/-2/-3
or GSK-3f3 (Supplementary Fig. S5a—d). This indicates that
the effect of PKCe on Akt and GSK-33 is not due to the non-
specific action of PKCs. Strangely, neither activation of Akt
nor inactivation of GSK-33 was obtained with the OA-DAG,
which activates a variety of PKC isozymes including PKCe.
In plausible explanation of this, a certain PKC isozyme might
act on PKCe negatively.

When activated, RTK phosphorylates its own receptor and
IRS-1 at Tyr1185 and Tyr1222, respectively. PTP1B dephos-
phorylates tyrosine phosphorylation and, therefore, PTP1B in-
hibition could enhance tyrosine phosphorylation and its relevant
signaling. Indeed, DCP-LA-induced PTPIB inhibition en-
hanced IRS-1 phosphorylation at Tyr1222 in rat and mouse
hippocampal slices. Phosphorylated IRS-1 recruits and activates
PI3K, which produces phosphatidylinositol 3,4,5-triphosphate
[P1(3,4,5)P3] by phosphorylating phosphatidylinositol 4,5-
bisphosphate. PI(3,4,5)P; binds to and activates PDK1. In the
cell-free kinase assay, PI3K phosphorylated Akt at Thr308 and
Serd73, Akt2 at Serd74, and Akt3 at Serd72, which were defi-
nitely inhibited by deleting ATP from extracellular solution or
WM (Supplementary Fig. S6a, c, ¢). PDK1, on the other hand,
phosphorylated Aktl at Thr308, Akt2 at Thr309, and Akt3 at
Thr305, which were also inhibited by deleting ATP from extra-
cellular solution or BX (Supplementary Fig. S6b, d, f). These
data confirm that Akt is activated by PI3K together with and
without PDK 1. DCP-LA-induced Akt1/2 phosphorylation was
fully/partially prevented by inhibitors of PI3K and PDKI1 or
knocking-down each protein. This indicates that DCP-LA-
induced PTP1B inhibition could activate Akt by enhancing an
IRS1/PI3K/PDK1 pathway.

Mammalian target of rapamycin (mTOR), which is activat-
ed by PI3K, is recognized to phosphorylate Akt1/2 at Ser473/
474 [34-36]. DCP-LA-induced Akt1/2 phosphorylation was
not inhibited by knocking-down mTOR (Supplementary
Fig. S7a). In addition, DCP-LA-induced GSK-3{3 phosphor-
ylation at Ser9 was not affected by knocking-down mTOR
(Supplementary Fig. S7b). These findings exclude participa-
tion of mTOR in DCP-LA-induced Aktl/2 activation and
GSK-3f3 inactivation.

Combination of PKCe activation and PTP1B inhibition
activated Aktl/2, inactivated GSK-3[3, and decreased tau
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phosphorylation more effectively than each independent treat-
ment. Of particular interest are the findings that A3 induces
GSK-33 activation and tau phosphorylation and that the A3
effects were neutralized by PKCe activation and PTP1B inhi-
bition under the control of DCP-LA. In addition, DCP-LA
ameliorated spatial learning and memory impairment, which
occurred in parallel with activation of GSK-3f3 and an in-
crease of tau phosphorylation, in 5XFAD AD model mice.
Notably, the effect of DCP-LA was obtained by oral adminis-
tration for only 7 days. This suggests that DCP-LA is capable
of exhibiting very prompt and beneficial effect on AD demen-
tia. In contrast, the acetylcholine esterase inhibitor
galanthamine, which is clinically used for treatment of mild
to moderate AD, exhibited little/less beneficial effect (Supple-
mentary Fig. S4c, d). This suggests that acetylcholine esterase
inhibitors have no potential to improve dementia accompanied
by tauopathies.

Tau-targeted drugs for AD therapy under development in-
clude Hsp90 inhibitors to degrade hyperphosphorylated tau
[37], tau aggregation inhibitors such as methylthioninium
chloride and methylthioninium [38], O-GlcNAcase inhibitors
to prevent tau phosphorylation and aggregation [39], inhibi-
tors of tau fibrillization [40], and microtubule stabilizing
agents [41]. In a series of our studies, DCP-LA induces a
long-lasting facilitation of hippocampal synaptic transmission
by stimulating vesicular transport of 7 ACh receptor, involv-
ing release of neurotransmitters including glutamate, and
AMPA receptor, involving excitatory synaptic transmission,
toward presynaptic terminals and postsynaptic cells, respec-
tively [42—46]. The facilitatory action of DCP-LA may ac-
count for improvement of A 3- or scopolamine-induced spatial
learning and memory impairment or age-related cognitive de-
terioration [25-27]. The results of the present study show that
DCP-LA could ameliorate AD dementia by the mechanism
distinct from that previously proposed; DCP-LA suppresses
AB-induced GSK-3f3 activation and Tau phosphorylation due
to PKCe activation relevant to Akt-independent direct and
Akt-dependent indirect inactivation of GSK-3(3 and to PTP1B
inhibition relevant to enhancement of an IRS-1/PI3K/PDK1/
Akt pathway. Consequently, combination of PKCe activation
and PTP1B inhibition must be an innovative strategy for AD
therapy targeting A3 and tau.
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