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Fig. 1. The level of PS1/y-secretase complex increases upon an inhibition of PI3K/Akt pathway (A) Mouse cortical neurons in primary culture were treated with either vehicie
(DMSO) or LY294002 for 48 h. The cells were collected and celi lysates were subjected to immunoblotting by anti-PS1 (N-terminal, C-terminal), Nicastrin, Aph-1, or p-actin
antibodies (left). The band intensity of each y-secretase component is normalized by that of B-actin and analyzed by Student’s t-test. The level of each component was
significantly higher in the cells treated with LY294002 compared to that in the cells treated with vehicle (right, n = 3, p < 0.05). (B) Mouse cortical neurons in primary culture
were treated with either vehicle (DMSO) or AKT inhibitor IV for 24 h. Cells were coliected and immunoblotted with antibodies against anti-PS1 (N-terminal, C-terminal),
Nicastrin, Aph-1, or B-actin. (C) Mouse cortical neurons in primary culture were treated with vehicle, Wortmannin or LY294002 for 24 h, Cells were collected and the total
RNA was extracted from the cell lysates, mRNA levels were semi-quantified by RT-PCR. The mRNA levels of y-secretase components was normalized to that of GAPDH and
analyzed by One-way Factorial ANOVA (n=3). (D) Mouse cortical neurons in primary culture were treated with CHX alone or CHX together with LY294002. Cells were
collected 0. 12, 24, 48, 72 h after the treatment. Cell lysates were subjected to immunoblotting by anti-PS1 antibody. The expression level of PS 1 decreased along with the
time after CHX treatment. Co-treatment of celis with CHX and LY294002 inhibited the decrease of PS1. B-tubulin levels were consecutively decreased after CHX treatment
regardless of the presence of LY294002. (E) Primary culture neurons were treated with vehicle, LY294002 or lactacystin for 24 h. Proteasomal activity defined by release of 7-
amino-4-methylcoumarin from the fluorogenic peptide Suc-Leu-Leu-Val-Tyr-7-aminoc-4-methylcoumarin was measured by fluorescence intensity. Only lactacystin
treatment showed significant decrease in proteasome activity (n = 3, One-way Factorial ANOVA).

pellets, followed by the RT-PCR analyses of PS1, nicastrin and p-ac-
tin mRNA levels (Fig. 1C). We observed no significant difference be-
tween the vehicle and a PI3K inhibitor (Wortmannin or LY294002)
treatment groups with respect to the mRNA levels of PS1 and nic-
astrin (n = 3). These results indicate that the transcriptions of PS1
and nicastrin were not affected by PI3K inhibition.

We then examined whether PI3K inhibition cause an altered
degradation activity of PS1 in neurons, using a protein synthesis
inhibitor, cycloheximide (CHX). Mouse primary cultured neurons
were incubated with CHX in the presence or absence of
LY294002 for 0, 12, 24, 48, 72 h. The protein levels of PS1 and 8-
tubulin gradually decreased by the treatment with CHX alone,
reflecting the protein degradation in the absence of new protein
synthesis (Fig. 1D, top, left). On the contrary, simultaneous treat-
ment of cells with CHX and LY294002 maintained the amount of
PS1 up to 72 h after the treatment (Fig. 1D, top, right). These results
indicate that PI3K inhibition precludes the degradation of PS1 to
stabilize its protein expression. Conversely, the decrease in cellular
B-tubulin levels was comparable between the cells treated with
CHX alone and the cells simultaneously treated with CHX and
LY294002 (Fig. 1D, bottom), indicating LY294002 specifically stabi-
lize the level of PS1.

In order to rule out a possibility that PI3K inhibition caused gen-
eral inhibition of proteasome activity, thereby non-specifically
inhibiting the degradation of y-secretase components as well as
many other proteins, we measured the proteasome activity within
mouse primary cultured neurons under PI3K inhibition. Mouse pri-
mary cultured neurons were treated with vehicle, LY294002, or
lactacystin, a specific proteasome inhibitor, for 24 h followed by
the measurement of proteasome activity (Fig. 1E). There was no
significant difference in proteasome activity between in the cells
treated with the vehicle and LY294002, whereas significant de-
crease in proteasome activity was observed in the cells treated
with lactacystin, Thus, LY294002 stabilizes PS1/y-secretase com-
ponents by specifically inhibiting their degradation.

Since the level of PS1 is regulated by the ubiquitin-proteasome
system [13,18], we postulated that PI3K inhibition could have
altered the ubiquitination status of PS1, thereby stabilizing its
protein level. To test this, HEK293 cells were transfected with
wild-type PS1 and treated with either PI3K inhibitors (Wortmannin
or LY294002) or proteasome inhibitor (lactacystin). After the treat-
ment, cell lysates were fractionated into NP40 soluble or insoluble
fractions. Each fraction was immunoprecipitated with anti-PS1
antibody, followed by Western blotting with anti-ubiquitin
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Fig. 2. PI3K inhibition increases multiple mono-ubiquitination of PS1. (A) HEK293 cells were transfected with wild-type PS1 and treated with either PI3K inhibitors
(Wortmannin or LY294002) or a proteasome inhibitor (lactacystin). After the treatment, cell lysates were fractionated into NP40 soluble or insoluble fractions. Each fraction
was immunoprecipitated with anti-PS1 C-terminal antibody, followed by Western blotting with anti-ubiquitin antibody. Treatment with Wortmannin, LY294002, and
lactacystin increased ubiquitinated protein in the immunoprecipitates from NP40 soluble fraction (Upper left panet). Only lactacystin treatment increased total ubiquitinated
protein in the NP40 soluble lysate (Upper right panel). In the NP40 insoluble fraction, only lactacystin treatment increased ubiquitinated proteins both in the
immunoprecipitate (bottom left panel) and lysate (bottom right panel). (B) HEK293 cells were transiently co-transfected with wild-type human presenilin 1 and with HA-
tagged wild-type ubiquitin (HA-WT-Ub) or HA-tagged ubiquitin whose all lysine residues were replaced with arginine (HA-K0-Ub). Cells were treated either with vehicle or
LY294002 for 24 h. Cells were harvested and solubilized with 1% SDS to disrupt protein-protein interaction. After dilution of SDS concentration, lysates were
immunoprecipitated with anti-PS1 C-terminal antibody. Immunoprecipitates were analyzed by Western blotting using HA-tag antibody. Expression of HA-WT-Ub alone
accelerated the ubiquitination of PS1 (3rd lane), which was further enhanced by the treatment with LY294002 (4th lane). The expression of HA-K0-Ub alone did not enhance

the ubiquitination of PS1 (5th lane), whereas treatment with LY294002 drastically enhanced the ubiquitination (6th lane).

antibody (Fig. 2A). Interestingly, the ubiquitination of PS1 in the
NP40 soluble fraction was enhanced in the cells treated with either
of PI3K inhibitors (Wortmannin or LY294002) (Fig. 24, top left pa-
nel, lanes 4 and 5), compared to that in the cells treated with vehicle
(Fig. 2A, top left panel, lane 3). Neither Wortmannin nor LY294002
increased total ubiquitinated proteins in the NP40 soluble fraction,
and in the insoluble fraction (Fig. 2A, top and bottom right panels,
lanes 4 and 5), indicating that proteasome activity itself was not al-
tered by the treatment with these PI3K inhibitors (see also Fig. 1E).
On the contrary, lactacystin treatment expectedly increased the le-
vel of total ubiquitinated proteins in both soluble and insoluble
fractions (Fig. 2A, top and bottom right panels, lane 6), indicating
an effective inhibition of proteasome activity by the treatment.
Moreover, treatment with PI3K inhibitors did not increase the level
of ubiquitinated PS1 in the insoluble fraction (Fig. 2A, bottom left
panel, lanes 4 and 5), whereas lactacystin treatment did (Fig. 2A,
top left panel, lane 6).

These results suggest that the ubiquitination of PS1 under PI3K
inhibition might have different property from that observed under
proteasome inhibition. Ubiquitin is first linked to a target protein
via covalent bond between its C-terminus glycine residue (G76)
and a lysine (K) residue in the target protein. Ubiquitin chain is
subsequently achieved by the sequential conjugation of an internal
K residue of ubiquitin (i.e. K6, 11, 27, 29, 33, 48, or 63) to the G76
residue of a new ubiquitin. Polyubiquitin chains linked via K48 are
typically associated with protein degradation by the proteasome
[18,12,24]. On the other hand, multiple mono-ubiquitination,
achieved by the addition of multiple monormeric ubiquitin mole-
cules to K residues of target proteins has been attributed to various
other cellular functions [1,19].

In order to assess the mode of PS1 ubiquitination in the pres-
ence of PI3K inhibitor, HEK293 cells were transiently co-transfec-
ted with wild-type PS1 together with either HA-tagged wild-type
ubiquitin (HA-WT-Ub) or HA-tagged ubiquitin whose all lysine res-
idues were replaced with arginine (HA-KO-Ub). HA-KO-Ub cannot
form covalent bond except for the terminal carboxyl residue, thus
considered to represent multiple mono-ubiquitination. Cells were
treated with either vehicle or LY294002, followed by the IP-Wes-
tern blotting to detect ubiquitinated PS1. In order to avoid a possi-
bility that immunoprecipitation with anti-PS1 antibody pulls down
PS1-interacting protein together with PS1, which contaminates the
‘true’ ubiquitination signal of PS1, cells were first lysed with high
concentration of SDS to disrupt the protein-protein interaction ex-
cept for covalent bonds. The lysates were subsequently diluted to
be applicable for IP. Expression of HA-WT-Ub alone enhanced the
ubiquitination of PS1 in our experimental system, which was fur-
ther accelerated in the presence of PI3K inhibitor, LY294002
(Fig. 2B). In contrast to the HA-WT-Ub expression, the expression
of HA-K0-Ub caused minimal ubiquitination of PS1 in the absence
of PI3K inhibition. Surprisingly, treatment with LY294002 mark-
edly increased the ubiquitination of PS1 by the HA-KO-Ub.
Although we could not rule out a possibility that the linkage be-
tween the K residue of the endogenous ubiquitin and the terminal
carboxyl residue of HA-K0-Ub formed polyubiquitin chains under
PI3K inhibition, these results suggest that PI3K inhibition could in-
duce multiple mono-ubiquitination of PS1.

Recent studies have shown that ubiquitination acts as a signal
for intracellular trafficking in addition to the proteasomal function
{1,19]. In order to prove that the PI3K inhibition and the protea-
some inhibition drive differential modes of ubiquitination, we
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Fig. 3. PI3K inhibition does not cause accumuilation of PS1 in the aggresome. Primary neurons were treated with vehicle (DMSO), lactacystin or LY294002. After treatment,
cells were immunostained with antibodies against PS1 (green) and y-tubulin (red). Nucleus was stained with DAPI (blue). In control cells (top panels), PS1 is distributed
around the nucleus with minimal co-localization with y-tubulin, which represents immunoreactivity of a centrosome {arrows). After lactacystin treatment (middle panels),
prominent perinuclear co-localization of PS1 and y-tubulin (arrowheads) around the centrosome (arrows) was observed, indicating the accumulation of PS1 in the
aggresome. LY294002 (bottom panels) treatment did not enhance the co-localization of PS1 with y-tubulin (arrows).

investigated the intracellular localization of PS1 after PI3K, as well

as proteasome inhibition. Mouse primary cultured neurons were
triply stained with the anti-PS1 antibody, the anti-y-tubulin anti-
body and DAPI after vehicle, LY294002 or lactacystin treatment.
v-Tubulin was used as a marker of a centrosome or an aggresome,
as previously reported [13]. In control cells, PS1 immunoreactivity
was observed mainly in perinuclear area, probably reflecting ER
distribution (Fig. 3, top). y-Tubulin was visualized as a perinuclear
spot, representing the distribution of a centrosome (Fig. 3, top, ar-
rows). In cells treated with lactacystin, PS1 was largely colocalized
with y-tubulin in the perinuclear area (Fig. 3, middle panels,
arrowheads), indicating the redistribution of PS1 to an aggresome,
which was formed around the centrosome (Fig. 3, middle panels,
arrows). Interestingly, in cells treated with LY294002, the perinu-
clear co-localization of PS1 with y-tubulin was negligible, whereas
PS1 was likely to be widely redistributed into the intracellular
membranes (Fig. 3C, bottom panels). y-Tubulin immunoreactivity
was similar to that in control cells (Fig. 3C, bottom panels, arrows),
reflecting the intracellular distribution of a centrosome. These re-
sults suggest that an accelerated ubiquitination of PS1 under
PI3K inhibition could alter the intracellular localization of PS1 in
a different fashion from that under proteasomal inhibition.

Since PS1/y-secretase is deeply involved in AB production, dee-
per knowledge into its metabolism under physiological as well as
pathological settings is important for investigating the pathogene-
sis of AD. In the present study, we have demonstrated that PI3K
inhibition leads to an accumulation of ubiquitinated PS1. This
accelerated ubiquitination after PI3K inhibition was suggested to
be different from the proteasome-targeting poly-ubiquitination
of PS1, because of following experimental results: (1) Protein levels
of PS1/y-secretase were increased rather than decreased after PI3K
inhibition. (2) The mode of ubiquitination was considered to be the
multiple mono-ubiquitination rather than the poly-ubiquitination
according to the HA-KO-Ub experiment. (3) An accelerated ubiqui-
tination of PS1 after PI3K inhibition led to different intracellular
distribution of PS1 from that observed after proteasomal inhibi-
tion. Thus, it can be postulated that the multiple-mono-ubiquitina-
tion of PS1 after PI3K inhibition could have altered the subcellular
distribution of PS1, thereby segregating it from proteasome-medi-
ated degradation, although the precise localization of PS1 after
PI3K inhibition was not clarified in this study. It has previously
been demonstrated that PS1 is degraded by the proteasome upon
binding of msel-10 and following poly-ubiquitination [16]. It is un-

clear whether msel-10 is involved in the multiple-mono-ubiquiti-
nation of PS1 under PI3K inhibition. In addition, whether GSK-
3p-mediated direct phosphorylation of PS1 [14,22,23] is involved
in this mode of ubiquitination needs to be clarified. The physiolog-
ical significance of the ubiquitination of PS1 under PI3K inhibition
can be an interesting target of future study.
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