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Comprehensive phosphoproteome analysis
unravels the core signaling network that initiates
the earliest synapse pathology in preclinical
Alzheimer’s disease brain
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Using a high-end mass spectrometry, we screened phosphoproteins and phosphopeptides in four types of
Alzheimer’s disease (AD) mouse models and human AD postmortem brains. We identified commonly changed
phosphoproteins in multiple models and also determined phosphoproteins related to initiation of amyloid beta
(AB) deposition in the mouse brain. After confirming these proteins were also changed in and human AD brains,
we put the proteins on experimentally verified protein—protein interaction databases. Surprisingly, most of the
core phosphoproteins were directly connected, and they formed a functional network linked to synaptic spine
formation. The change of the core network started at a preclinical stage even before histological Ap deposition.
Systems biology analyses suggested that phosphorylation of myristoylated alanine-rich C-kinase substrate
(MARCKS) by overactivated kinases including protein kinases C and calmodulin-dependent kinases initiates
synapse pathology. Two-photon microscopic observation revealed recovery of abnormal spine formation in
the AD model mice by targeting a core protein MARCKS or by inhibiting candidate kinases, supporting our
hypothesis formulated based on phosphoproteome analysis.

INTRODUCTION

Protein phosphorylation is generally accepted as a critical step in
the induction or modification of the pathology of neurodegenera-
tive disorders. In Alzheimer’s disease (AD) in particular, phos-
phorylated tau is a critical component of paired helical
filaments (PHFs) (1-3) which are the common pathological
hallmark of AD and tau-associated frontotemporal lobar degen-
eration (FTLD). The process might be mediated by various

serine/threonine kinases, such as GSK3beta, INK, PKA, Cdk5
and casein kinase II (CSKII) (4—10), and accelerate the aggrega-
tion of tau into PHFs. Physiologically, phosphorylation reduces
the affinity of tau to a-tubulin as MAP (11,12) and destabilizes
microtubules (13). Hence, hyperphosphorylation of tau might
also contribute to the impaired neurites observed in the AD
brain (14). Recent results obtained using tau knockout mice
showed that tau depletion ameliorated amyloid beta (A) tox-
icity regarding synaptic function and behavior in AD model
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mice (15); this supported the updated amyloid cascade hypoth-
esis, which states that soluble amyloid oligomers trigger tau
phosphorylation/aggregation and lead to neuronal dysfunction/
cell death (16).

Conversely, from the perspective of signaling networks and of
their cross-talk, our understanding of the abnormal phosphoryl-
ation signaling observed in the AD brain, including the activities
of the kinases mentioned above and the connection between
amyloid and tau pathology, is definitely insufficient. In this
study, we used high-end screening of phosphoproteins and ana-
lyzed the phosphoproteome in the brains of patients with AD,
four types of AD mouse models, and one tauopathy mouse
model. The vast changes in the phosphoproteome observed
were analyzed using a super computer and methods of systems
biology.

Finally, we identified the core signaling network shared by mul-
tiple mouse models and human patients, which was closely linked
to a specific synaptic function. We identified that phosphorylation
of myristoylated alanine-rich C-kinase substrate (MARCKS) by
overactivated kinases is an initial event to trigger synapse path-
ology at the earliest stage of mouse AD pathology far before clin-
ical onset and even before histological A3 deposition. Two-photon
microscopy analyses revealed that genetic and pharmacological
manipulations targeting MRACKS and candidate kinases recover
the loss of spines in vivo in the severest AD mouse model, verifying
the molecular event triggering synapse pathology that would lead
to subsequent pathological abnormalities in AD model mouse
brains.

RESULTS

Identification of abnormal phosphoproteins
in AD mouse models

The most significant obstacles to phosphoproteomics using
human postmortem brain samples are postmortem changes in
protein phosphorylation. Previously, we performed proteome-
wide analyses of phosphoproteins in mouse brains that had
been kept at room temperature or 4°C for different lengths of
time (17), to determine the time limitation of human postmortem
brains, and found surprisingly diverse changes in phosphopro-
teins, especially after 12 h (17). This result clearly indicates a
risk in performing proteome analyses based solely on human
samples. Hence, we used a step-wise approach from AD model
mice to AD patient brain samples. We performed phosphopro-
teome analyses using fresh brain samples (deep frozen immedi-
ately, within 5 min after death) from APP-Tg2576 (KM670/
67INL), PS1-dE9 (Exon9-deleted), PS2-M1 (N141I) and
5xFAD (APP<KMG670/67INL, 1716V, V7171> 4 PS1<
M146L, L286V>). In parallel, we performed analysis of Tau
(P301S) transgenic mice, as a reference.

Preliminary trials using an AB SCIEX Triple TOF 5600 mass
spectrometer were repeated to determine the best conditions for
the detection of the highest number of phosphoproteins. A multi-
step fractionation of samples using cation exchange and reverse-
phase columns, the merging of data from multiple analyses of the
same sample, and the identification of the appropriate volume
and run time for mass spectroscopy allowed us to finally
obtain extremely high detection scores (proteins: 2256 with
95% fidelity; peptides: 110632 with 95% fidelity; proteins: 2541
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with 66% fidelity; peptides: 117451 with 66% fidelity), which
were superior to the scores provided by the company. The
number of unique proteins and unique peptides were 2256 and
13644 at 95% fidelity or 2541 and 17211 at 66% fidelity.

Using this condition, first we performed a phosphoproteome ana-
lysis on AD mouse models. The mice were dissected at 1, 3 and
6 months of age (4, 12 and 24 weeks). The cerebral cortex, hippo-
campus and striatum were rapidly divided under a microscope and
immediately frozen, although only cortex tissues were used for this
study. The whole procedure was completed within 5 min, as
assessed using a stopwatch. The background of APP-Tg2576 and
5xFAD mice was C57BL6/SJL, that of PS1-dE9 and PS2-M1
was C57BL6 and that of Tau was C57BL6/C3H. Phosphoproteins
were purified from brain samples of five types of transgenic mice
and their three background mice using the Titansphere® Phos-
TiO kit, labeled with eight different probes using the iTRAQ
reagent, and analyzed in one run of mass spectrometry.

The number of phosphoproteins and phosphopeptides identi-
fied in the mixed sample of seven mice is listed in Supplementary
Material, Table S1. Systems biology analyses were based on
744—1128 unique phosphoproteins identified with 95% confi-
dence and 1799-3477 unique phosphopeptides also with 95%
confidence. Using the super computer available at the University
of Tokyo, the proteins identified in the nine mass spectrometry
analyses were mapped on the integrated protein—protein inter-
action (PPI) database supplied by the Genome Network Platform
of the National Institute of Genetics (http://genomenetwork.
nig.ac.jp/index_e.html), which includes the experimentally sup-
ported PPI database of the Human Genome Project (GNP) and
databases from BIND (http://www.bind.ca/), BioGrid (http://
www.thebiogrid.org/), HPRD (http://www.hprd.org/), IntAct
(http://www.ebi.ac.uk/intact/site/index.jsf) and MINT (http://
mint.bio.uniroma2.it/mint/Welcome.do). The mapped phospho-
proteins were designated as ‘nodes’. Proteins that were linked dir-
ectly to the significantly changed phosphoproteins were also
attached as ‘accessory nodes’, and the links between proteins
were termed ‘edges’. Conversely, proteins that were linked indir-
ectly to the identified proteins via two or more edges were
excluded from the network. This network was termed ‘mouse
default network’ (Supplementary Material, Fig. S1a).

Although a single protein had multiple P-values of multiple
peptides derived from the protein, we integrated the P-values
using the normal inversion method, and used the integrated
P-value in the comparison between the model mouse group
and the control mouse group. Phosphoproteins that were
changed in four types of AD model mice compared with their
controls (P < 0.05) at any time point between 1 and 6 months
were selected as nodes, and their accessory nodes were used
for further analyses of the AD-mouse basal network (Supple-
mentary Material, Fig. S1B). The categorization of the
phosphoproteins that were changed in the four types of AD
mice according to their functions using the protein analysis
through evolutionary relationships (PANTHER) classification
system (18) (http://www.pantherdb.org/tools/genexAnalysis.
jsp) revealed changes in some functional protein groups (Supple-
mentary Material, Fig. S1C). In particular, statistically signifi-
cant increases were found in structural molecule, cytoskeletal
protein binding, enzyme regulator and transmembrane trans-
porter (Supplementary Material, Fig. S1C). In each AD model
and at each time point, we drew networks using the significantly
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changed phosphoproteins as nodes (Fig. 1A; Supplementary
Material).

Identification of core phosphoproteins in AD models

In order to identify common changes across four AD mouse
models in protein phosphorylation signaling, we employed two
approaches (Fig. 1B). The first one was hypothesis-free approach
based on simple comparison of phosphoproteome data from mul-
tiple mouse models at the same time point. The second approach
was A3 aggregation-linked approach, in which we assumed that
amyloid aggregation or a certain process preceding aggregation
should trigger abnormal phosphorylation signals. As shown in
the figure, the two approaches finally deduced highly homologous
phosphoproteins and signaling networks. We then reevaluate the
selected phosphoproteins through comparison with the data from
human AD brains and from the tau model mice (Fig. 1B).

For the first approach, the nodes of these networks were com-
pared with extract the common phosphoproteomics changes
shared by the different models (Supplementary Material,
Fig. S2a and Table S2, list of phosphoproteins of A2). The
number of common nodes in the intersection group decreased
with the increase in the number of AD networks compared (Sup-
plementary Material, Fig. S2a and Table S2, list of phosphopro-
teins of A3). The intersection of the four AD models included
only one node (MAP1B) at 1 month, but did not include any
nodes at 3 or 6 months (Supplementary Material, Fig. S2a and
Table S2, list of phosphoproteins of A4). Therefore, we selected
65 nodes that changed in two AD mouse models at one or more
times, for further analyses (Supplementary Material, Fig. S2A).
Among 65 proteins, 51 proteins were detected in a single com-
bination of AD model mice at a single time point, while 14 pro-
teins were found in multiple combinations or multiple time
points (Supplementary Material, Fig. S2A). We determined
the 14 proteins as the core phosphoproteins selected by
hypothesis-free approach.

For the second approach, we performed immunohistochemis-
try of the four AD mouse models under the exactly same condi-
tions and confirmed the pathological differences among the
mouse models (Supplementary Material, Fig. S3). As shown,
amyloid deposition was detected in SXFAD and APP mice start-
ing at 3 and 6 months, respectively. On the other hand, amyloid
deposition was not observed in PS1 or PS2 mice until 6 months
(Supplementary Material, Fig. S3). Furthermore, tau phosphor-
ylation was not detected in any AD model by immunohistochem-
istry with AT-8 antibody while it was observed in the tau mouse
at 6 months (Supplementary Material, Fig. S3). Phosphorylated
tau did not form neurofibrillary tangles, although these structures
are a hallmark in the human AD brain. These findings were
consistent with those of previous reports.

We therefore hypothesized that SXFAD and APP mice should
share the common pathological signaling at AB-starting stage.
Hence, we compared significantly changed phosphoproteins
between 5xFAD mice at 1| month and APP mice at 3 months or
between SxFAD mice at 3 months and APP mice at 6 months
(Fig. 1B; Supplementary Material, Fig. S2B). The comparison
deduced 11 common nodes that were shared by 5xFAD and
APP mice in relevance to AP aggregation in the brain
(Fig. 1B; Supplementary Material, Fig. S2B). We determined

the 11 proteins as the core phosphoproteins selected by AP
aggregation-linked approach.

Surprisingly, when we merged the results from different
approaches, we found that 8 of the 11 proteins selected by ‘AP
aggregation-linked approach’ were also selected by ‘hypothesis-
free approach’ (Fig. 1B and C). Conversely, among 14 proteins
selected by ‘hypothesis-free approach’, more than a half of them
were also selected by ‘A aggregation-linked approach’. This
means that the two independent approaches brought us to the
similar conclusion. Together with the idea discussed above, we
thereafter focused on 17 proteins as the candidates to compose AD
core network.

It is important to note that all the changes in phosphoproteins
started before the onset of symptoms (Supplementary Material,
Fig. S4). Behavior tests, including the Morris water maze,
rotarod, open field, elevated plus maze, light—dark boxes and fear-
conditioning tests revealed that the four AD mouse models (PS1,
PS2, APP and 5xFAD) did not exhibit a definite onset of the symp-
toms by 6 months. Therefore, it is possible that this phosphopro-
teomics study has detected the subset of proteins that participate
in the initial stage of mouse AD pathology.

AD core phosphoproteins are shared by tau mouse
and human AD

Next, we reexamined the selected proteins from the aspect of the
transition from amyloid pathology to tau pathology that is
assumed in the amyloid cascade hypothesis. The comparison
with the result of tau mice at different time points revealed 10
among 14 phosphoproteins were also changed in tau mice. They
were ADDB, NFH, NFL, SPTA2, BASP1, CLH, MARCS,
NEUM, SRRM2, and Marcksl1 (Fig. 1C).

Although not included in the 17 proteins, hypothesis-free ap-
proach detected tau in 65 proteins (Supplementary Material,
Fig. S2A). An increased phosphorylation of tau was shared by
severe AD (5xFAD, APP) and tau model mice at 1 month (Sup-
plementary Material, Table S2). Thus, our data supported that
tau phosphorylation is a link from amyloid pathology to tau path-
ology. However, it was unexpected that tau phosphorylation
started in the brain of young AD model mice (1 month) far
before tau phosphorylation was detected by immunohistochem-
ical analysis (Supplementary Material, Fig. S3) and far before
symptoms were detected by behavior tests (Supplementary
Material, Fig. S4). It was also unexpected that tau phosphoryl-
ation paradoxically disappeared in the AD mouse models after
3 months, with the exception of its reappearance in the 5xFAD
mouse at 6 months. It is well known that PHFs (or tangles) are
never formed in these AD model mice. Tau phosphorylation
may be an early pathological event that started immediately
after or almost in parallel with amyloid pathology, whereas add-
itional factors might be necessary for its development to PHF,
similar to human AD.

In parallel, we reexamined the 17 proteins selected from AD
model mice comparing with the phosphoproteome data from
human AD brains. For the purpose, we performed similar
mass analyses using five human AD brains. These brain
samples were deep frozen within 1 h and their pathological
examination excluded contamination with non-AD patholo-
gies, such as Lewy bodies and argyrophilic grains. The prepar-
ation time is so far the shortest when we follow legal regulation
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Figure 1. Phosphoproteomics analysis with multiple AD mouse models and selection of core phosphoproteins in AD pathology. (A) Phosphoprotein networks were
generated using significantly changed phosphoproteins in each AD model at 1, 3 and 6 months of age (large circle, P < 0.05, normal inversion method). Accessory
proteins within one edge (small circle, P > 0.05) were also included in the networks. Uniprot ID and gene symbol are indicated at the upper left and lower right of the
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in Japan. Temporal lobe (temporal pole) and occipital lobe
(occipital pole) samples from five AD brains, five age-matched
control brains and five Diffuse Lewy Body’s disease brains were
used for mass spectrometry. In general, these brain regions were
dominantly affected in AD. To keep the purity of AD pathology,
we could not increase the sample number anymore even by using
Japanese brain bank network that possesses >1000 human AD
brains.

Based on the phosphoproteins that were detected in all human
brains, we generated a ‘human default network’ (Supplementary
Material, Fig. S5). In this case, however, the edge and accessory
nodes were added to the node, not only based on the human PPI
database but also on mouse and rat PPI databases, so that compari-
son between human and mouse networks in the next step did not
lead to a loss of important molecules, such as kinases/phospha-
tases. Phosphoproteins that were changed either in the temporal
or occipital lobe of AD brains compared with those of normal or
DLB brains, were selected and termed ‘human AD—Control
nodes’ (Supplementary Material, Fig. S6a) and ‘human AD—
DLB nodes’ (Supplementary Material, Fig. S6b), respectively.
The detailed quantitative changes of these node phosphoproteins
are listed (Supplementary Material, Table S3). Networks based on
the human AD—Control nodes in occipital and temporal lobes
were generated and used for comparison with the 17 proteins
based on the mouse phosphoproteome (Supplementary Material,
Fig. S6¢). It is of note that all these disease-specific nodes in
‘human AD—DLB nodes’ were detected in the human AD—
Control network (Supplementary Material, Fig. S6a).

Significance of the mouse AD core network proteins was tested
by comparison with the human data. The human phosphopro-
teome data detected changes of ADDB, NFH, NFL, SPTA2,
BASP1, G3P, MARCKS and NEUM (Fig. 1C). Their changes
were also detected in tau model mice except G3P (Fig. 1C). The
two re-examinations with tau mouse and human AD brains strong-
ly supported significance of the AD core phosphoproteins.

AD core network functionally focuses on synapse
and energy metabolism

We therefore drew the AD core network with the 17 core phospho-
proteins on integrated human—mouse PPI database (Supplemen-
tary Material, Fig. S7). The central color of the node indicates
whether they were selected by hypothesis-free approach (light
green), AP aggregation-linked approach (magenta) or both
approaches (yellow). The color of circle line surrounding the
node indicates whether the change was conserved in tau model
mice (red), human AD brain (blue) or both (purple). In the
URL, any type of network can be retrieved from the default core
network.

Surprisingly, we found that 12 of 17 proteins were directly
connected and 3 proteins, SRRM2, BASP1 and ADDB, were
linked via one independent protein (Supplementary Material,
Fig. S7; Fig. 2). Marcksl1 is highly homologous to MARCKS,
though the direct connection was not included in PPI databases.

Thus, it was concluded that at least the 15 proteins form a single
functional network. More surprisingly, functional annotation of
the core phosphoproteins as follows revealed that their functions
were directly linked to the synapse functions such as spine
formation and energy production (Fig. 2).

SPTA2, a brain alpha-spectrin, is an actin cross-linking
protein thatis highly expressed in the brain (19). SPTA2 interacts
with SHANKI1 at the postsynaptic density (20) or with ADDB/
adducin-b, which was also identified here as a final node
(Fig. 1B and C). SPTA2 and ADDB/adducin-b form spectrin/
adducin/actin complexes (21) and are substrates of protein kinase
C (PKC). After their phosphorylation, the complex becomes
unstable and membrane stability is reduced. ADDB contains a
MARCKS-related domain and its phosphorylation by PKC reg-
ulates its postsynaptic localization and inhibits actin/spectrin
complex formation (22). Intriguingly, this system was recently
shown to control synapse elaboration and elimination, although
the results were based on the neuromuscular junction in
Drosophila (23).

MARCKS, BASP1 and NEUM are heavily involved in lipid-
raft-originating signals. MARCKS is a specific substrate of PKC,
which is located at the plasma membrane. After phosphorylation
or binding to calmodulin, it is released from the plasma
membrane and translocated to the cytoplasm, where it inhibits
F-actin cross-linking (24). A mouse carrying mutant MARCKS
showed various morphological and functional abnormalities of
the brain (25). MRP/Marcksl1 is another member of MARCKS
family, which is involved in PKC signaling. In addition Marcksl1
is phosphorylated by JNK to regulate actin stability and filopodium
formation of neurons (26).

NEUM/neuromodulin/GAP43 is a critical component of
growth cone/axon presynaptic terminals and a major PKC sub-
strate (27). NEUM interacts with several molecules, such as
PIP2 and palmitate, or the cytoskeletal proteins actin, spectrin,
synaptophysin and tau. Similar to MARCKS and SPTA2,
NEUM is also regulated by calmodulin and shuttles between
the membrane and the cytoplasm (28). Therefore, NEUM is an
adaptor protein that regulates presynaptic terminal functions
via cytoskeletal modulation. As expected, NEUM is involved
in memory and LTP formation (29). BASP1/NAP-22/CAP23
is a PEST-motif-containing myristoylated protein that is abun-
dant in axonal terminals (30). Although its function has not
been well characterized, it exists at the inner surface of lipid
rafts in the plasma membrane. In addition, BASP1, MARCKS
and NEUM seem to modulate P1(4,5)P2 via a common mechanism
(31). The phosphorylation-dependent interaction between BASP1,
MARCKS or NEUM and calmodulin promotes the formation
of the actin network (31). Collectively, these members of the
AD core proteins seemed to form networks that regulate pre-
and post-synapse morphologies.

Although phosphoproteomic changes of SYT 1/synaptotagmin|
and GPRIN1/G-protein-regulated inducer of neurite outgrowth-1
were confirmed neither in tau mouse nor human AD brains,
these proteins might also play a role in the early stage AD or

node, respectively. (B) Strategies to select core phosphoproteins. Hypothesis free approach was the selection based on commonality in multiple AD models irrespect-
ive of the severity orthe AP aggregation property. AP aggregation-linked approach was the selection of common proteins shared by two AD models (APP and 5xFAD)
at the time point just before or just after initiation of AR deposition in the histological analysis. The number of selected phosphoproteins by each approach and their
names are listed. (C) List of 17 core phosphoproteins and their changes in AD model, tau model and human AD brains. Proteins selected from hypothesis-free
approach, aggregation-linked approach and both approaches were shown in different colors.
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Figure 2. AD core phosphoproteins compose a directly connected network. AD
core phosphorpoteins were grouped based on their functions, and direct interac-
tions among the core proteins were indicated with edges. When the core proteins
were linked via one protein, such proteins (14-3-3 and PKC) are also shown in the
network.

mAD pathology. Especially, SYT1/synaptotagminl could be
important, because it controls vesicle recycling at synapse
terminal making a complex with a vesicle cargo molecule CLH/
clathrin heavy chain (32), which was also selected both by
hypothesis-free and A3 aggregation-linked approaches.

Interestingly, molecules involved in energy production were
also selected. ATPA and ATPB are mitochondrial ATP synthe-
tase subunit A and B, respectively. ACON is mitochondrial
aconitase 2 that catalyzes isomerization of citrate in TCA
cycle. G3P/GAPDH/glyceraldehyde-3-phosphate dehydrogen-
ase is the critical enzyme in glycolysis, but it also plays
nuclear functions through the nitrosylase activity, and affects
assembly of microtubules via the same mechanism. Thus G3P
might be also related to cytoskeleton and the classification was
tentative for this protein (Fig. 2).

There remained some proteins that could not be exactly
categorized. GPRIN1/G protein-regulated inducer of neurite
outgrowth 1, an effecter of Gao enriched in the growth cone
membrane fraction that induces neurite outgrowth (33) but the
detailed functions have not been clarified. PPI databases did
not support interaction with other core proteins. Thus, GPRIN
was not included in spine formation domain in Figure 3B,
tentatively (Fig. 2). SRRM2/SRm300/serine—arginine repeti-
tive matrix protein 2, which is involved in splicing with
SRm160 (34), was functionally isolated from the other core
network proteins (Fig. 2). HS90A/HSP90, a molecular chaperon
involved in protein folding and quality control of many client
proteins, was linked to multiple proteins in the core network
because of its general functions.

These reviews of previously published results further support
our idea that the early phosphoproteomic changes in the AD
pathology are selectively focused on a few networks that regu-
lates synaptic function and energy metabolism (Supplementary
Material, Fig. S8).
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Dynamic changes of phosphoproteins before the
symptomatic onset

In addition to the early changes in phosphorylation of synapse-
related molecules before the onset, the second important
finding in this study was that their changes were not stable but
dynamic during disease progression. Given that the patterns of
chronological changes in the core phosphoproteins were quite
complex, we analyzed them by multiple bioinformatics
methods.

First, we tested the consistency of pathological changes in the
core phosphoproteins at 3 and 6 months in comparison to the
baseline at 1 month. In this hypothetical model, disease-related
changes should occur from 1 to 3 months and should sustain
from 3 to 6 months. One, 3 and 6 m values were calculated as
the ratio of the quantity of phosphoprotein in an AD model
mouse to that in the background mouse, and the relative
change of 3 m/1 m and 6 m/l m were calculated. We plotted
the relative changes on the coordinate plane (Supplementary
Material, Fig. S9A). The x-axis is set as the 3 m/l m and the
y-axis is set as the 6 m/1 m. The coordinate plane is formed by
these axes intersecting at the value of 1 because the coordinates
mean that there is no change in the ratio from the time point of
1 month. In order to know the background changes, we similarly
analyzed available 563 phosphoproteins, which had reliable
values in all mouse models at all time points (confidence
> 95%, P < 0.05).

On this coordinate plane, we also defined two parameters,
r (distance from the origin) and theta (the angle between the
line from the origin to the coordinate of a protein and the line
from the origin with a slope of 1) for each protein (Supplemen-
tary Material, Fig. S9B). The variable r represented the extent
of change and theta represented the consistency between the
change from 3 to 6 months. If theta is positive, the phosphopro-
tein change is a bump pattern. If theta is negative, the phospho-
protein change is a dent pattern.

This analysis revealed although » values were variable among
core proteins and mouse models, theta values were small in all
proteins. The result meant that the changing orientation was
largely consistent at 3 and 6 months in all core phosphoproteins
(except HS90A) despite of variable extents of the changes.

We next performed cluster analyses (Supplementary Mater-
ial, Fig. S9c¢) to elucidate more detailed changing patterns of
the core phosphoproteins in multiple AD mouse models. We
analyzed information of four mouse models at three time
points (12 dimensions) by the Ward’s method (35), and classified
the 17 core phosphoproteins and other control phosphoproteins.
As expected the core proteins were clustered into several groups
(Supplementary Material, Fig. S9c), reflecting the chronological
patterns of phosphoproteins (Supplementary Material, Fig. SOA
and B).

Aging-related changes of phosphorylation at peptide and
protein levels in AD mouse models and background mice

Moreover, we asked the difference in age-related changes of the
core phosphoproteins between a single AD model and control
mice. For this purpose, we performed again mass analyses
with three sets of new samples including 5xFAD and background
mice at multiple time points from 1 month to 12 months. Using
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Figure 3. Dynamic changes of AD core network during pathological progression. Relationship between core phosphoproteins and responsible kinases are schemat-
ically presented according to the chronological progression of AD pathology based on 5xFAD mice. Amyloid deposition in the hippocampus starts at 3 months in this
model but the deposition was not detected in the cortex used for two-photon microscopic analysis. Early, middle, late correspond to 1, 3 and 6 months, respectively.

the data, we calculated the values of 5XFAD and background
mice corrected by the value of background mice at 1 month,
and plotted on the graph to explore the changes of the core pro-
teins (Supplementary Material, Fig. S9D and Table S4). By this
method, we expected to differentiate pathological aging of AD
from normal aging in phosphoproteome.

In most of the core phosphoproteins, comparison of integrated
value of protein phosphorylation of 5xFAD and background
mice from 1 to 12 months with the value of background mice
at 1 month revealed that the patterns of change are qualitatively
similar in normal and pathological aging in most cases (Supple-
mentary Material, Fig. S9e and Table S4). Comparison of inte-
grated protein phosphorylation values between 5xFAD and
background mice at each time point revealed that in most cases
the extent of pattern-specific phosphorylation was more
prominent in 5XFAD mice (Supplementary Material, Fig. 9f
and Table S4).

Phosphorylated MARCKS, Marcksll and SRRM2 were
decreased during physiological aging. These phosphoproteins
were increased at 1 month in 5XFAD mice in comparison to the
background mice, but the difference diminished during the
timecourse (Supplementary Material, Fig. S9e, early). In these
proteins, quantitative difference of phosphorylation between
5xFAD and background mice was remarkable at I month (Supple-
mentary Material, Fig. S9f, early). Phosphorylated SPTA2 and
G3P increased during physiological aging, while phosphorylated
ADDB, SYT1, BASP1 and HS90A had a peak at 3 or 6 months.
These phosphoproteins increased in 5XFAD mice at 3 months
then decreased faster than in the background mice (Supplemen-
tary Material, Fig. S9¢). NEUM decreased during physiological
aging but similar higher in 5xXFAD mice at 3 months (Supplemen-
tary Material, Fig. S9¢) and the difference between SxFAD and
background mice followed the pattern (Supplementary Material,
Fig. S9f). Interestingly, phosphorylated SPTA2, G3P and SYT!1
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were markedly lower in 5XFAD mice than in the background mice
at 1 month but the relationship was reversed at 3 months (Supple-
mentary Material, Fig. SOE and F).

Moreover, we extended the analysis of chronological change
in phosphorylation to that of each phospho-site at the phospho-
peptide level in four AD mouse models.

In this case, we revisited all phosphopeptide data of 17 core
proteins (Fig. 1C) and examined how each phosphopeptides
were chronologically changed in four AD mouse models and
background mice (Supplementary Material, Fig. S9G, H and
Table S5). Similarly to the analysis of protein phosphorylation
(Supplementary Material, Fig. SOE), we first investigated how
each phosphopeptide was changed from the value of background
mice at 1 month in four AD models and in background mice
(Supplementary Material, Fig. S9G). We found the most of the
phospho-sites in MARCKS, Marcksl1 and SRRM2 showed the
similar patterns to that of integrated protein phosphorylation
(Supplementary Material, Fig. S9G). Moreover, the early chan-
ging pattern was shared across four AD mouse models at most of
phospho-sites in MARCKS, Marcksll and SRRM2 (Supple-
mentary Material, Fig. S9G, marked magenta). These findings
were basically reconfirmed in comparison of the phosphopeptide
quantities of AD models with that of background mice at each time
point (Supplementary Material, Fig. SOH). Intriguingly, the chrono-
logical pattern of the three proteins was shared by multiple
phospho-sites across genotypes (Supplementary Material, Fig. SOG
and H).

In GPRINI, chronological patterns seemed similar across
genotypes in phosphoprotein and phosphopeptide analyses.
However, phosphorylation levels were nearly normal at 1
month and they went down to hypophosphorylated states when
four AD model mice and background mice became old (Supple-
mentary Material, Fig. S9g and H). As GPRIN1 is a target protein
of G-protein signaling for neurite outgrowth (33), the chrono-
logical change might be related to the loss of neurite extension
during progression of the AD-like pathology and in physio-
logical brain aging. In a part of ‘middle pattern proteins’ like
ADDB, NEUM and BASPI1, a part of phospho-sites such as
Thr36 and Ser92 of BASP showed constantly the middle
pattern across genotypes (Supplementary Material, Fig. S9G
and H). In ‘late pattern proteins’, NFL possessed phospho-sites
that were progressively hyperhosphorylated during physio-
logical and pathological aging (Supplementary Material,
Fig. S9G and H). We summarized all the actual changes of phos-
phopeptides in Supplementary Material, Table S5.

Collectively, we performed comprehensive and extensive
analyses of phosphoproteins and phosphopeptides according to
the work flowchart (Supplementary Material, Fig. S10). All
our experiments along the flow chart and the final comparison
of protein- and peptide-based results (Supplementary Material,
Fig. S11) revealed highly homologous chronological changes
of specific proteins including MARCKS, Marcksll, SRRM2,
ADDB, NEUM, BASP1, GPRIN1, NFL, NFH and SYT!1. Intri-
guingly, the chronological patterns of phosphorylation in these
proteins were conserved across AD model genotypes, especially
in MARCKS, Marcksll, SRRM2, ADDB, NEUM, BASPI,
GPRIN1 and NFL (Supplementary Material, Figs S9 and S11).

The different patterns of phosphorylation among the core pro-
teins might suggest their different roles in the progression of
mouse AD pathology. Therefore, we restructured the core
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phosphoprotein network according to the time point when such
an overshoot of protein phosphorylation occurred (Fig. 3). As
shown in the figure, MARCKS and its homolog Marcksl1 were
changed earliest, and they were connected to the other core phos-
phoproteins involved in the same functional domain whose
phosphorylation changes followed. Thus, among the AD core
phosphoproteins related to synapse function, MARCKS and
Marcksll are the best candidates for the molecules initiating
the synapse pathology in phosphorylation signals. Especially,
MARCKS was commonly detected as a molecule changed at
the early stage by the aggregation-linked approach (Fig. 1C)
and by the aging pattern analysis (Supplementary Material,
Fig. S9D and E), suggesting that MARCKS is the most reliable
candidate for the phosphorylation signal molecule in the early
stage of AD pathology. Taken together, we decided to focus
on MARCKS in the following experiments.

Identification of kinases that regulate AD core network

Next, we asked which kinase/phosphatase were responsible
for the changes in the AD core network. First, we identified
kinases and phosphatases among the proteins that were linked
directly to the core proteins of the AD core network and listed
their names (Supplementary Material, Table S6). When we
ranked kinase/phosphatase that modify the core proteins, PKC
was identified as the most critical enzyme that could phosphor-
ylate the largest number of core proteins (Supplementary Mater-
ial, Table S6). MAPK and MAPKKK followed PKC as expected
from many previous reports suggesting their roles in AD path-
ology (Supplementary Material, Table S6). These kinases may
be master enzymes that regulate phosphorylation state of the
core network proteins.

The second group following the three kinases included CSKII,
receptor interacting serine/threonine-protein kinase 1/3, cyclin-
dependent kinase 5/6 and protein kinase C-like 1. The third
group involved Ca**/calmodulin-dependent kinase (CaMKI/IT),
protein kinase D, and so on. In addition, Lck/Yes-related novel
protein tyrosine kinase (Lyn) and the other 20 kinases were
identified as candidates to regulate the core network, although
they were linked to only one protein (Supplementary Material,
Table S6).

Comparison between the timecourse result of core phospho-
proteins in SXFAD mice and the result of linked kinases sug-
gested the enzyme—substrate relationship (Fig. 3). The early,
middle and late-stage patterns of core phosphoproteins are cor-
related to PKC, Lyn, CaMK and CASK (Fig. 3). Among them,
PKC family kinases seemed activated earliest among various
kinases, and the activation sustained to the late stage (Fig. 3).
MARCKS and Marcksl 1 were the first targets of PKC, and
G3P, NEUM, BASP1 and SPTA2 were the second group
(Fig. 3). Consistently, the cluster analysis of core phsophopro-
teins in multiple AD models showed that chronological
changes of G3P, NEUM, BASP1 and SPTA2 were homologous
(Supplementary Material, Fig. S9¢) and they were linked to PKC
(Supplementary Material, Table S6).

We also went back to the phospho-site data of 12 core proteins
that were selected through confirmation of peptide-based
changes between AD mouse models and background mice (Sup-
plementary Material, Fig. S10). Probability of PKC-mediated
phosphorylation of those phospho-sites was estimated by two
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computer-based analyses, NetworKIN (36) and NetPhosK (37).
These analyses strongly suggested that the earliest conserved
phosphorylation sites in MARCKS are the target of PKC (Sup-
plementary Material, Table S6) and the other core proteins like
GPRIN1, ADDB, BASP1, NEUM and SPTA2 could be phos-
phorylated by PKC (Supplementary Material, Table S6).

AD core network is active before the onset

Finally, we intended to verify the significance of AD core
network in the pathology by in vivo and in vitro experiments.
The functional domains of core factors revealed by our phospho-
proteome analysis suggested that specific phosphorylation
signals linked to pre- and postsynaptic cytoskeletons are per-
turbed at the earliest phase of AD (Supplementary Material,
Fig. S8). The cytoskeleton network (especially actin-related
network) suggested by our results is a key regulator of dendritic
spine formation (38,39), and consistently abnormal spine forma-
tion has been implicated in AD. Presynaptic facilitation and
resulting enhanced spine formation within a short-time range
was suspected in the early stage of AD pathology (40). Among
the various signaling pathways that have been implicated in
such AD pathology, our phosphoproteomics analysis suggests
that the links from MARCKS to actin polymerization and from
SPTAZ2 to actin—spectrin cross-linking become abnormal at an
early stage of AD, and that these networks are activated rather
than repressed. Therefore, we used presymptomatic 5xAD
mice (at 12 weeks of age) and analyzed the dendritic spine dy-
namics via two-photon microscopy (Fig. 4A). Simultaneously,
we attempted to recover the spine abnormalities via pharmaco-
logical intervention by targeting the kinases or via shRNA-
mediated knockdown of the core phosphoproteins identified in
this study.

Using two-photon microscopy, we first detected a remarkable
decrease in the dendritic spine density of cortical neurons in layer
1 ofliving 5xFAD mice at 12 weeks (Fig. 4A and B). The number
of spines per dendritic shaft length was decreased in all types
spines (thin, mushroom and stubby) (Fig. 4C). Regarding abso-
lute numbers of dendritic spine per 100 wm, spine formation,
elimination and stable spine were all decreased (Fig. 4D and E,
upper panel). Regarding the ratio of the three types of spine dy-
namics, their formation was decreased, whereas their elimin-
ation and stability were not significantly changed in 5xFAD
mice (Fig. 4E, lower panel). Collectively, these data suggest
that spine formation processes are affected in the pathology of
5xFAD mice. These results were basically consistent with previ-
ous findings from AD mouse models (40—42).

Next, we tested the effect of candidate core kinases, which
were expected to affect the core network at the early-middle
stage (Fig. 3), on the synaptic pathology of 5XxAD mice via intra-
thecal injection of several drugs. After preliminary screening
inhibitors and activators of multiple kinases found in this study
(Supplementary Material, Table S6), we found that three
drugs, a PKC inhibitor (G66976, Calbiochem, CA, USA), a
Lyn kinase activator (MLR1023, Glixx Laboratories, MA,
USA) and CamKII inhibitor (KN-93, Cayman, MI, USA) were
effective. Based on previous findings, overactivated PKC at
synapses was expected to inhibit actin polymerization and
actin—spectrin cross-linking (Supplementary Material, Fig. S8).
Non-phosphorylated and phosphorylated CamKII have been

also implicated in spine formation. In contrast, the role of Lyn
kinase in neuronal synapses has not been investigated. As
expected, the PKC inhibitor (G66976) ameliorated the spine ab-
normality observed in 5XxFAD mice (Fig. 4A—E), increased
total spine density (Fig. 4A and B), and recovered the number
of thin, mushroom and stubby types of spine (Fig. 4C). Regard-
ing spine dynamics, G66976 increased spine formation and sta-
bility in 5XFAD mice (Fig. 4D and E). CamKII inhibitor (KN-93)
also showed curative effects on the spine formation and stability,
andrecovered all types of dendritic spines that had been impaired
in 5xFAD mice (Fig. 4D and E). The Lyn kinase activator
(MLR-1023), which is also known as an insulin-receptor-
potentiating agent (43), played a beneficial role in this case
(Fig. 4A—E). The latter finding might be related to the insulin
resistance observed in the AD brain (44).

To confirm the effect of kinase intervention in vivo, we pre-
pared brain samples after two-photon microscopy observation,
and examined the immunoreactivity of activated form of
kinases. We found that the tested kinases (PKCRB, PKCd and
CamKII) were actually activated in SXFAD mice in the cortical
area (retrosplenial cortex) where we obtained images, though the
immunostain patterns were different among the kinases (Fig. 4F).
Quantification of immunostain signals supported the effect of
kinase inhibitors (Fig. 4G). We tested multiple commercial
anti-Lyn kinase antibodies but they were not sufficient to
obtain quantitative data.

Involvement of MARCKS in the AD spine pathology

Further to confirm the target proteins of PKC and CamKII, we
knocked down the candidate proteins, MARCKS, the most reli-
able protein whose phosphorylation was changed at early stage,
and SPTAZ2, a representative phosphoprotein changed at middle
stage, by injecting lentiviral vectors expressing their siRNA into
the cortex of presymptomatic SXFAD mice at 12 weeks. Phos-
phorylated MARCKS by PKC inhibits F-actin cross-linking
(24), thus overactivity of phosphorylated MARCKS disturbs re-
cycling of actin filaments and spine formation. SPTA2, a brain
alpha-spectrin, is an actin cross-linking protein that is highly
expressed in the brain (19). Phosphorylation of spectrin
induces the loss of function: its detachment from actin filament
(45). Thus, overactivity of phosphorylated SPTA2 leads to the
loss of its physiological function to stabilize membrane shape
that is essential for the spine formation.

As expected, we found that suppression of MARCKS by
shRNA ameliorated the pathological change of spines in SXFAD
mice (Fig. SA—E). MARCKS-shRNA recovered the decrease of
spines (Fig. SA and B), increased premature and mature spines
(Fig. 5C), and improved the spine formation (Fig. 5D and E) in
5xFAD mice at 12 weeks. On the other hand, suppression of
SPTA2 could not recover the AD spine pathology (Fig. SA—E).
This had been expected because SPTA2 is a cytoskeletal protein
essential for the maintenance of spine morphology in contrast to
the signal molecule MARCKS, and reduction of SPTA2 by
itself is harmful to dendritic spine formation. In any case, these
results further supported that the MARCKS and SPTA?2 are the
critical target molecules of overactivated PKC and CamKII
kinases, and that abnormal phosphorylation of these proteins func-
tionally impairs synaptic spines in the early stage of the AD path-
ology. In western blot, we confirmed suppression of MARCKS
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Figure 4. Modulation of MARCKS kinases recovers spine pathology at early AD stage. (A) Representative images of dendritic spines/protrusions in layer 1 of the
retrosplenial cortex of background B6/SJL (WT), 5XxFAD and drug-treated (G66976, MLR1023 and KN-93) 5xFAD mice at 12 weeks observed by two-photon mi-
croscopy in vivo. SXFAD mice exhibited a definitely lower number of protrusions, whereas G66976 (PKC inhibitor), MLR1023 (Lyn activator) and KN-93 (CamKII
inhibitor) treatment led to a recovery of the decrease in spines in 5XFAD mice. (B) Quantitative analysis of dendritic spine densities in four types of mice at 36 or 60 h
after drug treatment. Mock treatment with DMSO was also performed. Mean + SEM are shown. Statistical analyses were performed by two methods. **P < 0.01 in
Student’s unpaired #-test. #P < 0.05 in one-way ANOVA post hoc Dunnett’s test. Sample numbers are shown in the figure. We used three mice for each group and
obtained data with 1—4 dendritic neurites from a mouse. The numbers of neurites used for the analyses are indicated above the bar. (C) Quantitative analysis of spine
types at 36 or 60 h after drug treatment. Regardless of morphological type, spine density was decreased in 5XFAD mice, and the decrease was recovered by G66976,
MLR1023 and KN-93 treatment. Mean + SEM are shown. *P < 0.05, **P < 0.01 in Student’s unpaired ¢-test. #: P < 0.05 in one-way ANOVA post hoc Dunnett’s
test. Sample numbers are shown in the figure. (D) Representative images of spine formation and elimination observed in each type of mice from 36 to 60 h. The red
arrow indicates spine formation and the yellow arrow indicates spine elimination. (E) Quantitative analysis of dendritic spine dynamics. The upper panel shows the
number of spines that were formed, eliminated or remained stable in 100 wm of a dendritic shaft during observation. The lower panel shows the relative percentage of
the formation, elimination and stability of spines. In 5XFAD mice, spine formation and stability per length were decreased, whereas their elimination was not sig-
nificantly changed (upper panel). The ratios of the three types of spine dynamics were not different among the four types of mice (lower panel), indicating that the
efficiency of spine formation was simply decreased. The decrease in the number of stable spines per length reflected the reduced number of spines per length.
Mean + SEM are shown. *P < 0.05, **P < 0.01 in Student’s unpaired #-test. #P << 0.05 in one-way ANOVA post hoc Dunnett’s test. Sample numbers are shown
in the figure. (F) Immunohistochemistry of cerebral cortex of wild-type (background B6/SJL, DMSO treated), SXFAD (DMSO treated), SXFAD (G66976
treated), SXFAD (MLR1023 treated) and SXFAD (KN-93 treated) mice with antibodies against activated PKCB, PKC8 and CamKII. Specific inhibition by each
inhibitor was confirmed. (G) Quantitative analysis of the signals of each activated kinase in neuronal soma or neuropil. We used three mice for each group and obtained
data with five visual fields from a single mouse (n = 15).

and SPTA2 proteins by their shRNA-lentiviral vectorsinthebrain  vesicle. Modulation of phosphorylation site of SYT1 detected

tissues adjacent to the observation area with two-photon micros-
copy (Supplementary Material, Fig. S12).

We also tested the validity of the second functional focus of
the core proteins, synaptic vesicle recycling in which SYT1/
synaptotagminl and CLH/clathrin heavy chain were involved.
SYTI is a transmembrane protein possessing two C2 domain.
In the linker portion between the transmembrane domain and
C2 domains, three phosphorylation sites of CamKII, PKC and
CasklI were reported. CLH forms triskelion and coats synaptic

in this study actually influenced recycling of synaptic vesicle
in primary culture, which will be reported elsewhere (data not
shown).

Subnetwork changes in AD pathology

Finally, we performed a subnetwork analysis using our phospho-
proteome data to reevaluate various signaling pathways that had
been implicated in AD pathology. We used the pathway maps of
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Figure 5. MARCKS knockdown recovers spine pathology at early AD stage. (A) Representative images of dendritic spines/protrusions in layer 1 of the retrosplenial
cortex of sh-RNA-lentiviral vector-injected background B6/SIL (WT) or 5xFAD mice observed by two-photon microscopy in vivo. Lentiviral vector
(Sh-RNA-MARCKS, Sh-RNA-SPTA?2 or scrambled shRNA) was injected and images were obtained 4 and 5 days after injection by two-photon microscopy as
described in Materials and Methods. Decrease of dendritic spines in 5XFAD mice was recovered by Sh-RNA-MARCKS but not Sh-RNA-SPTA2. (B) Quantitative
analysis of dendritic spine densities at4 or 5 days after injection. Mean + SEM are shown. Statistical analyses were performed by two methods. *P < 0.05,**P < 0.01
in Student’s unpaired r-test. #: P < 0.05 in one-way ANOV A post hoc Dunnett’s test. Sample numbers are shown in the figure. We used four mice for each group and
obtained data with 1—4 dendritic neurites from a mouse. (C) Quantitative analysis of spine types at 4 or 5 days after injection. Sh-RNA-MARCKS recovered the
decreased thin protrusions in SXFAD mice at 4 and 5 days after injection. Mushroom-type protrusions were recovered at 5 days. Sh-RNA-SPTA2 did not recover
those protrusions sufficiently. Mean + SEM are shown. *P < 0.05, **P < 0.01 in Student’s unpaired #-test. #: P << 0.05 in one-way ANOVA post hoc Dunnett’s
test. Sample numbers are shown in the figure. (D) Representative images of spine formation and elimination observed in each type of mice from 4 to 5 days. The
red arrow indicates spine formation and the yellow arrow indicates spine elimination. (E) Quantitative analysis of dendritic spine dynamics. The upper panel
shows the number of spines that were formed, eliminated or remained stable in 100 wm of a dendritic shaft during observation. The lower panel shows the relative
percentage of the formation, elimination and stability of spines. Mean + SEM are shown. * P < 0.05 in Student’s unpaired r-test. #P < 0.05 in one-way ANOVA post
hoc Dunnett’s test. Sample numbers are shown in the figure.

KEGG (http://www.kegg.jp/kegg/), NCBI Biosystems (http:// the four types of AD mouse models at statistically high odds.
www.ncbi.nlm.nih.gov/biosystems/) and AmiGO (http://amigo. We used different mother populations (total phosphoproteins
geneontology.org/cgi-bin/amigo/go.cgi) and tested whether phos-  changed in proteomics analysis or total proteins registered in
phoproteins from a specific signaling pathway were changed in  Uniprot) to test whether phosphoproteins belonging to a specific
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signaling network were changed significantly rather than sto-
chastically (Supplementary Material, Table S7).

The results of these analyses indicated that the TNF, MAP
kinase and Wnt signaling pathways were significantly changed in
the early stage of AD pathology (Supplementary Material,
Table S7). In addition, these results suggested that insulin, Fyn,
ER damage, mitochondrial stress, oxidative stress, GPCR, inflam-
mation, cAMP/Ca*", autophagy and PI3 kinase signaling path-
ways might also be affected (Supplementary Material, Table S7).
The subnetworks identified (Supplementary Material, Fig. S13)
and the proteins included in them are shown in Supplementary
Material, Table S8. Extensive computational analyses of the sub-
network database would be useful to predict candidate molecules
and/or specific signaling pathways that could be used to develop
candidate drugs to treat AD. Alternatively, they would help to
prevent exposure environmental factors that accelerate AD. For in-
stance, the b-raf (which is involved in insulin signaling),
autophagy-mTOR signaling and TNF signaling pathways (Sup-
plementary Material, Table S7) may be interesting targets for
therapeutic development.

We performed similar functional subnetwork analysis with
human AD brains. Subnetworks were generated based on phos-
phoproteins changed in temporal/occipital lobe tissues from
human AD patients, and compared with the networks generated
with cortex tissues from SxFAD mice at 1 -6 months. Signaling
pathways changed commonly in 5XFAD mice and human AD
patients included Fyn, Toll-like receptor 4 and PI3K-AKT
pathways (Supplementary Material, Fig. S14).

Candidate proteins involved in transition from amyloid
to tau pathology

In addition to identification of the early stage AD-specific
network, we also intended to identify new kinases that could
promote tau phosphorylation. AD core phosphoproteins based
on hypothesis-free approach did not directly include any
kinase/phosphatase at P < 0.05 (Supplementary Material,
Table S2). However, at P < 0.05, b-raf was found in two AD
models at 3 months, and at P < 0.10, it was found in three AD
models at 1 month and two AD models at 6 months (Supplemen-
tary Material, Table S2). Moreover, subnetwork analysis sug-
gested the importance of b-raf in multiple signal networks
including insulin, autophagy, MAP kinase and TNF signaling
pathways. Therefore, we suspected that b-raf might be located
atthe link of multiple signaling pathways and could be a continu-
ous enhancer of the transition from amyloid to tau pathologies
in AD mice.

Hence, we tested whether the inhibition of b-raf actually
modulated tau pathology. We added AP and three types of
b-raf inhibitors to primary cultures of cortical neurons. As
expected, phosphorylation of tau was suppressed in AB-treated
cortical neurons (Supplementary Material, Fig. SI5SA and B),
which was consistent with the idea that b-raf may be a molecule
that promotes the transition from amyloid pathology to tau path-
ology. This finding also indicates that GPCR ligands that are
relevant to b-raf might accelerate the AD signaling pathway.

As described in a previous section, an increased phosphoryl-
ation of tau was shared by severe AD (5xFAD, APP) and tau
model mice at 1 month (Supplementary Material, Table S2). Sur-
prisingly, tau phosphorylation started in the brain of young AD
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mice (1 month) far before immunohistochemical (Supplemen-
tary Material, Fig. S3) and symptomatic change (Supplementary
Material, Fig. S4). Therefore, it is possible that b-raf is involved
in the transition from amyloid to tau pathology. However, tau
phosphorylation did not sustain in the AD mice after 3 months
(Supplementary Material, Table S2) and did not reach to the
histological level of tau mice (Supplementary Material,
Fig. S3), suggesting that additional factors are necessary to
develop to tau pathology.

DISCUSSION

In this study, we first performed a comprehensive phosphopro-
teomics analysis using brain samples from multiple mouse
models and patients with AD, which allowed us to identify
whole aspects of the phosphoproteomics changes that occur in
disease-stage- and region-specific manners. Our approach
using systems biology also extracted a limited number of core
molecules, the phosphorylation states of which played central
roles at the early stage (non-symptomatic stage) of AD path-
ology. Importantly, two algorithms selected basically similar
proteins as the target of abnormal phosphorylation. Surprisingly,
most of these core molecules were physically and functionally
connected, and composed a single PPI network that covers
synapse formation, synaptic vesicle recycling and energy pro-
duction that supports the first two functions (Fig. 2; Supplemen-
tary Material, Fig. S8). Especially, systems biology analyses
expected that MARCKS was most critical in the early stage of
AD pathology because chronological changes of MARCKS in
four AD models were analogous to those of multiple core pro-
teins (Supplementary Material, Fig. S9C) that were directly
linked to MARCKS in PPI databases (Supplementary Material,
Fig. S7) and sequentially activated during the progression of
pathology in 5XxFAD mice (Supplementary Material, Fig. SOE).

Consistently, we confirmed that MARCKS and kinases that
target MARCKS such as PKC and CamKII contributed to the
spine pathology by in vivo experiments using shRNA or kinase
inhibitors (Figs. 4 and 5). Interestingly, abnormal phosphoryl-
ation of the core proteins was changed dynamically during the
progression of AD pathology. MARCKS and some relevant
phosphoproteins were changed most significantly at the early
stage (Supplementary Material, Fig. S9D and E), while abnor-
mal phsophorylation of the other proteins occurred from the
middle to the late stage in the brain of model mouse brain (Sup-
plementary Material, Fig. S9D and E; Fig. 3).

In vivo imaging with two-photon microscopy revealed that
MARCKS plays a critical role in abnormal morphology and dy-
namics of synaptic spines that have been implicated in the AD
pathology. Given that presynaptic BASP1 (30) and NEUM/
GAP43 (46,47) showed a similar pattern of abnormal phosphoryl-
ation, it is possible that not only post-synapse but also presynapse
are functionally impaired from the middle stage of AD pathology.
Though not reported in this study in detail, impaired synaptic
vesicle recycling through abnormal phosphorylation of SYT1
and CLH might be a critical domain of presynaptic pathology.

This study casted a light again on the role of PKC in AD, since
more than a half of the core molecules are targets of PKC (Sup-
plementary Material, Table S6). Obviously, PKC contributes to
memory formation (48,49). Calcium influx from the NMDA
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receptor enhances CREB-dependent transcription of BDNF and
Arc via the activation of PKC and CaMKII (50). Based on such
transcriptional activation, PKC has been considered to be pro-
tective against AD (51). Conversely, the opposite role of PKC
on the stability of synapses has been described under physio-
logical (non-AD) condition (22), and overactivation of PKC
seems to be harmful for working memory (52).

In this controversy, our nonbiased comprehensive proteomics
study indicated that PKC is harmful for synaptic spine formation
(Figs. 4 and 5) especially at the early stage of AD pathology
before histological AR aggregation (Supplementary Material,
Fig. S3). This conclusion might be different from the common
sense but is actually consistent with the hyperactive synapse
hypothesis at the early AD stage (16). Concomitantly, the sub-
sequent decline in the phosphorylation of these PKC targets
observed in mice aged 3—6 months and in autopsied human
brains (Supplementary Material, Fig. S7) supports the concept
that a hypoactive synapse state occurs with the progress of A
deposition (Supplementary Material, Fig. S3).

Pathological roles of PKC in synaptic impairment of AD
remain unclear. Two groups demonstrated independently the
immunoreactivity of PKC in the periphery of senile plaques,
where degenerative dendrites or axons are concentrated (53,54).
In contrast, the therapeutic effects of a PKC activator have also
been reported, in which bryostatin 1 dramatically enhances the se-
cretion of the a-secretase product SAPPa in fibroblasts from
patients with AD and reduces AB40 levels in the brains of APP
transgenic mice (55). However, its relevance has been limited to
AP production, and the direct pathological role of PKC in
synapse deterioration is unknown. In this regard, our findings
could be a hint to solve the old question.

The second kinase shown to be involved in the early AD stage
was CamKII. CamKII beta is known to bundle actin (56) and
transient activation of CamKII within 1 min is associated for
spine enlargement linked to LTP (57). Overexpression of non-
phosphorylated form of CamKII induced enlargement of
spines (58) while phosphorylation of CamKII lead to uncoupling
ofactin (56). Therefore, phasic phosphorylation of CamKII is es-
sential for spine formation, but tonic phosphorylation of CamKII
might impair actin recycling and inhibit spine growth. Given that
inhibitor of CamKII ameliorated the spine morphology, this
study revealed that such tonic activation contributed to worsen
the synapse pathology at the early stage of AD (Fig. 4A—G).

In addition to PKC and CamKII that had been implicated in
AD in previous research, this study identified several new
kinases, the significance of which had been insufficiently recog-
nized. Lyn kinase was a particular example; this protein regu-
lates an energy metabolism-related protein G3P/GAPDH,
which was identified to link to various molecules in the AD
core network (Fig. 1C) and involved in the insulin—mimetic sig-
naling pathway via the insulin-receptor substrate protein 1 (58).

In this study, we did not focus on SRRM2/SRm300, although
it was hyperphosphorylated in the early-middle stage of model
mice (Supplementary Material, Fig. S9D and E). SRRM2/
SRm300, serine/arginine repetitive matrix 2, was a component
of catalytic spliceosome and was a very interesting target of
phosphorylation signal. In addition, it was suggested as a re-
markably changed gene in substantia nigra of the Parkinson’s
disease (59). Interestingly, the shorter transcript of SRRM2/
SRm300 was increased while the longer transcript was

decreased. The result indicated that splicing of SRRM?2/
SRm300 by itself was changed. Although RNA splicing was
implicated in various neurodegenerative diseases like TDP43-
associated FTLD, pathological contribution of this molecule to
AD pathology remains unclear at this moment.

Finally, it would be of worth to add some minor findings in this
study. The phosphoproteins changed specifically in human AD
brains included interesting molecules (Supplementary Material,
Fig. S6b). In particular, the protein phosphatase 1 regulatory
subunit 14A (PP14A) and osteopontin (OSTP), which were
detected in the intersection of the temporal and occipital lobe
groups (Supplementary Material, Fig. S6a) were specific to AD
and not detected in DLB (Supplementary Material, Fig. S6a).
PP14A has not been directly implicated in AD. However, PP1 is
a suppressor of learning and memory, and the inhibitory effect
of PP14A on PP1 was dramatically enhanced by PKC-dependent
phosphorylation (60). Moreover, its phosphorylation was
changed in neurotrauma (61) and a connection with JNK was
reported in the signaling induced by hydrogen peroxide (62).
Phosphorylation of PP14A was increased consistently in our ana-
lysis. In contrast, the increase (63) or decrease (64) in OSTP in the
cerebrospinal fluid of patients with AD was directly implicated.
Phosphorylation regulates the biological function of OSTP
(65,66) which is a protein that may affect mTOR signaling (67).

From the viewpoint of biomarker, it is of note that SYT1 and
NEUM are largely changed in aggregation-positive models
(5xFAD and APP) but not in aggregation-negative models
(PS1 and PS2). The two proteins showed middle stage pattern
of chronological changes, inspiring the hypothesis that their
phosphorylation is induced by accumulation of AP preaggre-
gates developing to senile plaque. SYT1 and NEUM might be
more sensitive than the other core network proteins in phosphor-
ylation response to AP preaggregation in the early stage. The
other candidate could be MARCKS, ADDB and SPTA2 that
were changed in human AD brains. Combinatory use of multiple
phosphoproteins that changed at different stages might be more
sensitive and prognostic. Interestingly, subnetwork analysis
indicated increased phosphorylation of stathmin, which was re-
cently reported to be available as a biomarker in CSF of human
AD patients (68), in TNF and MAP kinase signaling pathways
(Supplementary Material, Fig. S13).

We strictly excluded human AD brains in which other types
of pathological changes (Lewy bodies, TDP43 cytoplasmic
aggregates or argyrophilic grains) were contaminated. The
criterium was essential to exclude phosphoproteomic changes
related to the other types of pathology. Furthermore, we used
DLB as a disease control. It is of note that from the human data
MARCKS was again proven as an AD-specific (DLB-non-
included) phosphoprotein (Supplementary Material, Fig. S6b).
On the other hand, this strict approach decreased the number
of usable samples of human AD patients in this study. A future
study using > 100 brains with a low level of pathological restric-
tion for samples might be interesting in comparison to our very
strict results.

Finally, it was unexpected that molecular changes at the early
stage of model mice were still observed in postmortem human
AD brains at the terminal stage. The reason is not clear while
we can speculate that AD molecular pathology newly initiates
in a part of brain regions and a group of neurons of human AD
brains even at the terminal stage. This hypothesis would
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explain why phosphorylation of MARCKS and other AD core
proteins were still changed at the terminal phase of human AD
pathology.

In conclusion, this study provided us useful information for
reevaluation and progression of understanding of AD.

MATERIALS AND METHODS
Mouse brains

PS1 transgenic mice expressing the exon 9 deletion mutant
(PSENI1dE9) under the control of the mouse PrP promoter
(69); PS2 transgenic mice expressing human mutant PS2
(N1411) under the control of a ubiquitous CMV early enhancer
and the chicken [3-actin promoter (70); mice transgenic for the
human double-mutant APP,,, (KM670/671NL; Swedish type)
inserted into a hamster PrP cosmid vector by replacing the PrP
gene with the mutant APP (71); SXFAD transgenic mice expres-
sing the mutant human APP-;, with Swedish (KM670/671NL),
Florida (I716V) and London (V7171) triple mutations, as well as
human PS1 harboring double mutations (M146L and L285V)
under the mouse Thy! promoter (72); and transgenic mice for
the human mutant Tau protein under the control of the mouse
PrP promoter (73) were used. Their backgrounds were
C57BL/6J, C57TBL/6J, C57/B6XSJL/F1, C57/B6XSIL/F1 and
C57/B6XC3H/F1, respectively. Mass analysis was performed
with brain tissues from male mice at the age indicated in the
figure or legend.

For immunohistochemistry, brain samples were fixed in 4%
paraformaldehyde, and paraffin sections (5 wm each) were
obtained using a microtome (Yamato Kohki Industrial Co., Ltd.,
Saitama, Japan). Immunohistochemistry was performed using
primary antibodies (anti-A3, 82E1, IBL, Gunma, Japan, Cat #
10323; anti-AB, 6E10, Covance, NJ, USA, Cat # SIG-39300;
and anti-human PHF-tau, AT-8, Innogenetics, Ghent, Belgium,
Cat # BR-03; dilution, 1:1000 each) and reaction products were
visualized with the Vectastain Elite ABC kitand DAB Peroxidase
Substrate kit (Vector, CA, USA).

For behavioral tests, male mice at the indicated age in the
figure or legend were used. Six types of behavioral tests were per-
formed for individual mice of all AD and tau models. In the
Morris water maze test, mice received four trials (60 s) per day
for 5 days, and the latency to reach the platform was measured.
In the rotarod test, mice received four trials (3.5—35 rpm) per
day for 3 days, and the mean latency to fall off the rotarod was
recorded. In the fear-conditioning test, the rate of the freezing re-
sponse of mice was measured in the same conditioning chamber
(65 dB white noise, 30 s) in the absence of the foot shock
(0.4 mA, 2 s) at 24 h after the conditioning trial. The duration
of the stay at the central area of an open-field space was
adopted as the index of the open-field test. In the light—dark
box test, the duration of the stay in the light box was measured.
The elevated plus maze was set up 60 cm above the floor, and
the duration of the stay in the open arms was measured.

Human brains

Brain samples for proteome analysis were dissected from AD, DLB
and normal control bodies and deep frozen (—80°C) within 1 h
after death. A neuropathologist (S.M.) established the pathological
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diagnosis of the brains based on immunohistochemistry. AD brains
did not include other pathological changes, such as Lewy bodies,
TDP43 cytoplasmic aggregates or argyrophilic grains. DLB
brains also showed specific pathological findings. Temporal pole
and occipital pole tissues were dissected from five brains from
each group. Control brains were derived from age-matched patients
who died due to non-neurological diseases.

Preparation of phosphorylated proteins and peptides

Cerebral cortices were collected from mice within 5 min after
their sacrifice by deep euthanasia with ethyl ether. Cerebral cor-
tices were frozen in liquid nitrogen immediately and kept until
use. The cortical tissue was lysed in cold lysis buffer containing
2% SDS, 1 mm DTT, and 100 mm Tris—HCI (pH 7.5) and homo-
genized using 20 strokes of a Dounce glass homogenizer on ice.
The ratio of lysis buffer to tissue was 10 volumes (pL) to 1
weight (mg). Subsequently, the lysate was incubated at 100°C
for 15 min. The crude extract was centrifuged at 16 000g at
4°C for 10 min. The supernatant was diluted to a 1/10 concentra-
tion with water and filtered through a 0.22 wm filter. The flow-
through was concentrated to 10-fold using an Amicon Ultra
3K filter (Millipore, MA, USA). The concentration of proteins
was measured using the BCA Protein Assay Reagent (Thermo
Fisher Scientific, Inc., MA, USA). Sample aliquots (200 wL)
containing 1.5 mg of protein were added to 100 pL of 1™
triethylammonium bicarbonate (TEAB) (pH 8.5), 3 nL of 10%
SDS and 30 pL of 50 mMm tris-2-carboxyethyl phosphine,
followed by incubation for 1 h at 60°C. Cysteine residues were
blocked with 10 mm methyl methanethiosulfonate for 10 min
at25°C. Then, samples were digested with trypsin (mass analysis
grade) (10 : 1 protein/enzyme, w/w) in 80 mm CaCl, for 24 h
at 37°C.

Phosphopeptides were enriched using the Titansphere Phos-
Tio Kit (GL Sciences Inc., Tokyo, Japan), and desalted using a
Sep-Pak Light C18 cartridge column (Waters Corporation, MA,
USA), according to the manufacturer’s instructions. The sample
aliquots were dried and dissolved with 25 L of 100 mm TEAB
(pH 8.5). The phosphopeptides in each individual sample were
labeled separately using the iTRAQ Reagent multiplex assay kit
(AB SCIEX Ins., CA, USA) for 2 hat25°C, according to the man-
ufacturer’s instructions. The labeled phosphopeptide pools were
then mixed together. The aliquots obtained were dried and then
redissolved in 1 ml of 0.1% formic acid.

2D LC-MS/MS analysis

The labeled phosphopeptide samples were subjected to strong
cation exchange chromatography using a TSK gel SP-5SPW
column (TOSOH, Tokyo, Japan) on a Prominence UFLC
system (Shimadzu, Kyoto, Japan). The flow rate was 1.0 ml/
min with solution A (10 mm KH,PO,, pH 3.0, 25% acetonitrile).
Elution was performed with solution B (10 mm KH,PO4, pH 3.0,
25% acetonitrile, 1 M KCl) in a gradient ranging from 0 to 50%.
The elution fractions were dried and dissolved in 100 L 0f0.1%
formic acid.

Each fraction was analyzed using a DiNa Nano-Flow LC
system (KYA Technologies Corporation, Tokyo, Japan) at the
flow rate was 300 nL/min. For the NanoLC, samples were
loaded onto a 0.1 x 100 mm C18 column with solution C (2%
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acetonitrile and 0.1% formic acid) and eluted with a gradient of
0—50% solution D (80% acetonitrile and 0.1% formic acid). The
ion spray voltage to apply sample from NanoLC to Triple TOF
5600 System (AB SCIEX Ins., CA, USA) was set at 2.3 kV.
The information-dependent acquisition (IDA) setting was
400—1250 m/z with two to five charges. The Analyst TF1.5 soft-
ware (AB SCIEX Ins., CA, USA) was used to identify each
peptide. The quantification of each peptide was based on the
TOF-MS electric current detected during the LC-separated
peptide peak, adjusted to the charge/peptide ratio. The signals
were analyzed by Analyst TF (version 1.5) (AB SCIEX Ins.,
CA, USA) and processed by ProteinPilot software (version 4)
as described in the following.

Data analysis

Acquisition and analysis of mass spectrum data of peptides were
performed by Analyst TF (version 1.5) (AB SCIEX Ins., CA,
USA). Using the results, we searched corresponding proteins
from database of mouse and human protein sequences (Uni-
ProtKB/Swiss-Prot, downloaded from http://www.uniprot.org
on June 22, 2010) by ProteinPilot (version 4) (AB SCIEX Ins.,
CA, USA) that employs Paragon algorithm (74). Tolerance for
the search of peptides by ProteinPilot was set to 0.05 Da for
the MS and 0.10 Da for the MS/MS analyses, respectively.
‘Phosphorylation emphasis’ was set at sample description, and
‘biological modifications’ was set at processing specification
of ProteinPilot. The confidence score was used to evaluate the
quality of identified peptides, and identified proteins were
grouped by the ProGroup algorithm (AB SCIEX Ins., CA,
USA) to exclude redundancy. The threshold for protein detec-
tion was set at 95% confidence in ProteinPilot, and proteins
with >95% confidence were accepted as identified proteins.

False discovery rate (FDR) was calculated using Target-
decoy search strategy (75). All protein sequences in fasta were
downloaded from UniProtKB/Swiss-Prot (http://www.uniprot.
org/downloads) as target and their reverse sequences were gen-
erated as decoy. With peptide sequences identified in our mass
analysis, we searched the target and decoy databases and calcu-
lated false positive (FP = 2 x passing decoy assignments) and
true positive (TP = total passing assignment — number of FP).
FDR was calculated by FP/(TP + FP). FDR values correspond-
ing to proteins and peptides (confidence > 95%) are shown in
Supplementary Material, Table S1.

Quantification of proteins was performed through analysis of
iTRAQ reporter groups in MS/MS spectrum that are generated
upon fragmentation in the mass spectrometer. In quantification
of peptides and proteins, bias correction that assumes the total
signal amount of each iTRAQ should be equal was employed
tonormalize signals different iTRAQ reporters. In quantification
of peptides and proteins, bias correction option was used to nor-
malize different iTRAQ signals.

Peptide ratio, the ratio between reporter signals in AD models
and that of control samples, was calculated also after bias correc-
tion. Then protein ratio (average ratio) was deduced by weighted
average of peptide ratios corresponding to the protein, where
peptide ratios were differentially weighted based on error
factors, after bias correction. The detailed formulas to calculate
these values were described in the manual from ABSCIEX. In
brief, after excluding peptides without iTRAQ Iabel, those

sharing MS/MS, and those having a low intensity, log values
of iTRAQ ratios corresponding to a peptide were summed.
Ten to the power of the sum value was divided by bias. The
result was treated as quantity of the peptide.

Protein quantities in AD sample were compared with that in
control sample using the peptide ratio. Student’s #-value was cal-
culated from weighted average of log peptide ratio, its standard
error, and log bias. Then the P-value was calculated together
with a post hoc test in ProteinPilot (not disclosed in detail) to
exclude multiple hypothesis testing issues. The P-values of
three samples provided from this test were integrated by inverse
normal method. Phosphoproteins were judged changed, when
the integrated P-value was <<0.05 (Supplementary Material,
Table S2).

The results in peptide summary and protein summary of Pro-
teinPilot were imported to Excel files for further data analyses.
Quantity of a phophopeptide fragment was calculated as the geo-
metric mean of signal intensities of multiple MS/MS fragments in-
cluding the phosphorylation site. Difference between AD group
and control group was tested by student’s ¢-test (n = 6) (Supple-
mentary Material, Table S5). We compared changed phosphopro-
teins among different AD models and selected the commonly
changed proteins in hypothesis-free- or AR aggregation-linked
approach (Supplementary Material, Table S2).

Systems biology

We used the software Protein Pilot version 4 (AB SCIEX, CA,
USA) to identify proteins expressed in human brain occipital
and temporal lobes. Protein Pilot also added Uniprot ID to
each observed protein, automatically. We then searched for pro-
teins that shared the common Homologene Group ID of each
observed protein and obtained the Taxonomy IDs and Gene
IDs of the collected proteins. We noted that the Taxonomy
ID was restricted to 9606 (human), 10090 (mouse) or 10116
(rat). Uniprot IDs of newly added proteins were also attached.
From the list of collected proteins, we removed proteins whose
Uniprot IDs were not listed in the GNP database (http://genom
enetwork.nig.ac.jp/index_e.html); we created a database of
GNP-collected information on the Supercomputer System avail-
able at the Human Genome Center of the University of Tokyo.
We called the remaining proteins analyzed proteins. We
searched for proteins that interacted with the analyzed proteins
in the GNP database and created the edge file (redundant edges
were removed). The protein network was obtained based on
the created edge file and visualized using Cell Illustrator (76).

Subnetwork analysis

Among the protein functional categories available in KEGG
(http://www kegg.jp/kegg/), NCBI BioSystems (http://www.ncbi.
nlm.nih.gov/biosystems/) and AmiGO (http://amigo.geneontology.
org/cgi-bin/amigo/go.cgi), we selected 23 groups of signaling
pathways that have been reported to be relevant to AD. To deter-
mine the 23 categories, we searched three databases with
AD-pathology-related genes or functional terms (insulin, fyn,
hippo, etc.) that had been implicated in AD by previous research;
we used pathways that included the term in the pathway name. In
addition, we screened pathway-linked information, including
component proteins and related functions of three databases
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(KEGG, NCBI BioSystems and AmiGO), and used the pathway if
the term was included in linked information. We calculated the
probability of the number of mass-identified phosphoproteins
being included and of the remaining proteins not being included
in the selected pathways with reference to the total number of
identified proteins (1477 proteins) or the total number of
mouse proteins in the Uniprot database (74812 proteins) using
the hypergeometric distribution method; we also determined
the P-value. We used Cell Illustrator to draw the subnetworks
identified in AD pathology.

In vivo imaging via two-photon microscopy

Two-photon imaging of dendritic spines was performed using a
laser-scanning microscope system FVI000MPE2 (Olympus,
Tokyo, Japan) equipped with an upright microscope (BX61WI,
Olympus, Tokyo, Japan), a water-immersion objective lens (XL
PlanN25xW; numerical aperture, 1.05) and a pulsed laser (Mai-
TaiHP DeepSee, Spectra Physics, CA, USA). EGFP was excited
at 890 nm and scanned at 500—550 nm. The scanning area used
for three-dimensional imaging was 100 x 100 pm (1 pm
Z-steps, 1024 x 1024 pixels). Two weeks before imaging,
adeno-associated virus 1 (AAV1)-EGFP with the synapsin I pro-
moter (titer 1 x 10" vector genomes/mL, 1 pL)wasinjected into
the retrosplenial cortex (anteroposterior, — 2.0 mm and mediolat-
eral, 0.6 mm from bregma; depth, I mm) of mice under anesthesia
with 2.5% isoflurane. The dendritic spines of the mouse cortical
layer 1 were imaged through a thinned-skull window, as described
previously (77). Alzet micro-osmotic pumps (model 1003D,
Durect Corporation, CA, USA) filled with PBS/0.1% DMSO
containing 1 pum Go6976 (78) (Calbiochem, CA, USA), 1 pM
MLR1023 (79) (Glixx Laboratories, MA, USA) or 0.4 mm
KN-93 (80) (Cayman, MI, USA) were implanted into the O,/
isoflurane-anesthetized mice. Dendritic spines were observed 36
and 60 h after implantation. For injection of shRNA-lentiviral
vectors, 3 wl of lentiviral vector for Sh-RNA MARCKS (sc-
35858-V, Santa Cruz, TX, USA; 1 x 10° TU), Sh-RNA SPTA2
(mixture of V3LMM_423737, V2LMM_104859 and V2LMM_
202472, Thermo, MA, USA; 1 x 10® TU) or scrambled siRNA
(RHS4348, Thermo Scientific, MA, USA; 1 x 10° TU) was
injected to same region as the AAVI1-EGFP. Images were
analyzed for spine density, spine length, spine maximum dia-
meter and spine neck minimum diameter using IMARIS 7.2.2
(Bitplane, Zurich, Switzerland).

Treatment of primary culture cortical neurons
with b-raf inhibitors

Mouse cerebral cortexes from 15-day-old embryos of C57BL/6J
were dissected and minced into fine pieces and rinsed with PBS.
After incubation with 0.05% trypsin for 10—15 min at 37°C fol-
lowing treatment with 25 wg/ml of DNase for 5 min at 37°C, the
dissociated cells were washed twice with DMEM (Sigma—
Aldrich, MI, USA) containing 50% FBS. Cells were centrifuged
at 100g for 1 min, resuspended in 10% FBS/DMEM, gently tri-
turated with blue tips and filtered through a nylon mesh (Falcon
2350; BD, NJ, USA) to remove any debris. The isolated cells
were centrifuged at 100g again for 5 min and were collected.
Cells were resuspended in Neurobasal medium (Life Technolo-
gies, CA, USA) with B-27 supplement (Life Technologies, CA,
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USA)andplated 1.7 x 10° cells/well in the six-well plastic plate
(Corning, NY, USA) coated with poly-L-lysin (Sigma— Aldrich,
MI, USA)in 0.15 M borate buffer (pH 8.4). Cells were incubated
in 5% CO, at 37°C. To remove proliferating glial cells, arabino-
sylcytosine (Sigma—Aldrich, MI, USA) was added to the culture
medium (4 uMm) on the next day. After 7 days, b-raf inhibitors,
PLX4720 (Selleck Chemicals, TX, USA, 1 or 10 pm), Sorafenib
(Selleck Chemicals, TX, USA, 1 or 10 pm) and GDC-0879
(Selleck Chemicals, TX, USA, 1 or 10 pm) were added to the
medium at first, and after 3 h 10 wm AR 1—-42 peptide (Peptide
Institute, Inc., Tokyo, Japan) was added to the medium. The
neurons were collected after another 3 h.

MS/MS with SWATH acquisition

Phosphopeptide samples were similarly prepared from 5xFAD
and background mice to the step of enrichment by the Titan-
sphere Phos-Tio Kit (GL Sciences Inc., Tokyo, Japan). After
desalting by a Sep-Pak Light C18 cartridge column (Waters Cor-
poration, MA, USA), the samples were dried and dissolved in
30 L of 0.1% formic acid. 10 pL aliquot was applied to
0.1 x 100 mm C18 column (KYA Technologies Corporation,
Tokyo, Japan) with solution E (0.1% formic acid) and eluted
with a gradient of 2—40% solution F (99.9% acetonitrile and
0.1% formic acid) using 300 nL/min of flow rate in Eksigent
NanoLC-Ultra 1D plus system (AB SCIEX Ins., CA, USA),
and subjected to Triple TOF 5600 system at 2.3 kV of ion
spray voltage. The IDA was set at 400—1000 m/z with two to
five charges, and the product ion MS/MS scan range was
between 100 and 1600 Da with an accumulation time of
100 ms for spectral library. SWATH acquisition was performed
by 24 sequential windows of 25 Da that spanned from 400 to
1000 Da (81). SWATH acquisition of the MS/MS spectral data
was performed by the Analyst TF1.5 software (ABSciex Ins.,
CA, USA) for 100 ms/window and the MS/MS spectral library
was prepared by the Protein Pilot software (version 4.5). Peak-
view software (version 1.2.0.3) correlated the MS/MS spectral
data with peptide data and LC retention time. The MS/MS
product ions from the same peptide were summed and used as
quantity of the peptide.

Statistics

Mass spectrometry data of disease model mice or human patients
were evaluated by normal inversion method with the data of their
background mice or human control samples, respectively. Given
that the amount of each peptide was supported multiple peaks in
mass spectrometry and that the amount of each protein was sup-
ported by multiple peptide values, their quantities possessed
P-value. Together with the P-values, differential expression ana-
lysis with each peptide or protein can be performed without rep-
lication. To guarantee the quality of the results, we furthermore
took biologically replicated data that can increase the number of
identified proteins as well. Therefore, the sample size of human
or mouse brains (N =5 and 3, respectively) was considered
appropriate. We did not check whether all samples form normal
distribution. However, in the process of computing P-values,
the commercial program used in this study (Protein Pilot)
removed low-quality measurement that causes outliers. The
results from animal behavior tests and two-photon microscopy
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were analyzed basically by Student’s unpaired 7-test (two sided)
with the sample size described in the legend for each figure. Sam-
pling of brain tissues, mass data acquisition and systems biology
analyses were performed by independent investigators without
knowing group allocation.

Ethics

This study was performed in strict accordance with the recom-
mendations in the Guides for the Human Genome and Gene
Researches of Ministry of Health, Labour and Welfare and the
Care and Use of Laboratory Animals of the National Institutes
of Health. The experiments with human samples were approved
by the Ethics Committees of the Tokyo Medical and Dental
University (2011-22-3-1), of Tokyo Metropolitan Institute of
Gerontology (2009-45) and of University of Tokyo (23-65-
240413). The experiments using mice were approved by the
Animal Experiments Committees of Tokyo Medical and Dental
University (0130225A).

Database deposition

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium (82) via the PRIDE partner
repository with the dataset identifier PXD001292.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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