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Abstract: Background: Several proteins have been identified as potential diagnostic biomarkers in im-
aging, genetic, or proteomic studies in Alzheimer disease (AD) patients and mouse models. However,
biomarkers for presymptom diagnosis of AD are still under investigation, as are the presymptom molecu-
lar changes in AD pathogenesis.

Objective: In this study, we aim to analyzed the early proteomic changes in APPgy, 1, mice and to con-
duct further functional studies on interesting proteins.

Methods: We used the isobaric tags for relative and absolute quantitation (iTRAQ) approach combined
ARTICLE HISTORY  yijth mass spectrometry to examine the early proteomic changes in hippocampi of APPsg,, 1,4 mice. Quan-
Received: April 20,2017 titative reverse transcription polymerase chain reaction (RT-PCR) and immuno-blotting were performed
iiz‘efl‘:dh}ﬂi 3’9?%717 for further validation. Finally, the functions of interesting proteins B-spectrin and Rab3a in APP traffick-

ing and processing were tested by shRNA knockdown, in N2A cells stably expressing B-amyloid precur-
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Results: The iTRAQ and RT-PCR results revealed the detailed molecular changes in oxidative stress,
myelination, astrocyte activation, mTOR signaling and Rab3-dependent APP trafficking in the early
stage of AD progression. Knock down of -spectrin and Rab3a finally led to increased APP fragment
production, indicating key roles of B-spectrin and Rab3a in regulating APP processing.

Conclusion: Our study provides the first insights into the proteomic changes that occur in the hippocam-
pus in the early stages of the AD mouse model. In addition to improving the understanding of molecular
alterations and functional cascades involved in early AD pathogenesis, our findings raise the possibility
of developing potential biomarkers and therapeutic targets for early AD.

Keywords: iTRAQ, hippocampus, pre-symptom, APPsg,, 1,4 mice, APP/PS1 mice, Alzheimer’s disease.

1. INTRODUCTION cerebrospinal fluid (CSF) allow AD diagnosis sensitivity and
specificity to reach up to 85%-94% [8]. Genetic testing also
provides powerful evidence for AD diagnosis: mutations in
B-amyloid precursor protein (APP) and presenilin 1/2 genes
are closely associated with familial AD [9-12], and apolipo-
protein E gene polymorphism was reported to show strong
correlation with AD [13]. Moreover, the results of multiplex
immunoassays performed using CSF samples or brain tissue
extracts from AD patients have shown that A4, and kallik-
rein 6 can serve as convincing AD biomarkers [14-16].

Alzheimer’s disease (AD) is one of the leading causes of
death in people older than 65 years [1]. Postmortem exami-
nations of AD patients’ brain and magnetic resonance imag-
ing studies have revealed that volume loss and atrophy are
present in various brain regions, and initiate from the en-
torhinal cortex and hippocampus [2-7]. In addition to brain-
imaging and experience-based examinations, the detection of
reduced P -amyloid peptide (AP) levels, increased Tau and
phospho-Tau levels, or a combination of these changes in

Proteomic methodologies have grown rapidly in recent

- - years and offer a comprehensive shortcut in identifying mo-
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used to analyze the molecular phenotype of the brain in AD,
and significant changes were detected in proteins related to
certain key pathways, such as those of stress response, lipid
transport, neuronal growth, glycolysis, and diabetes mellitus
development [17]. However, 2-DE has limitations in detect-
ing low-abundance proteins, hydrophobic proteins, and pro-
teins beyond 8-200 kDa in size. In quantitative proteomics,
the isobaric tags for relative and absolute quantitation
(ITRAQ) labeling method is used for relative and absolute
quantitation [18]. This method can be combined with other
technologies, such as 2D-nanoLC-nanoESI-MS/MS quanti-
tative proteomics, to determine the amount of proteins from
various sources in a single experiment [19, 20]. Manavalan
et al. used the assorted method and identified 31 proteins
whose expression was markedly altered in the hippocampus,
parietal cortex, and cerebellum of AD patients [21]. Among
the identified proteins, gelsolin, tenascin-R, and AHNAK
could develop into biomarkers in late-onset AD [21]. iTRAQ
was also used to test plasma proteins in patients with mild
cognitive impairment and AD [22]. Thirty proteins related to
inflammatory response, cholesterol transport, and blood co-
agulation were found to be dysregulated, and afamin and Ig
p-chain C region were identified as novel potential biomark-
ers [22]. In addition, iTRAQ was used to investigate proteo-
mic changes in the hippocampus and cortex of 16-month-old
3xTgAD mice [23]. Coincidently, upregulated proteins asso-
ciated with synaptic transmission, energy management, and
cytoskeletal dynamics were identified [23].

However, the reported studies primarily focused on the
late stage of the disease, and the results obtained cannot be
readily applied as biomarkers for early-stage AD. The de-
tailed molecular changes in cellular physiology in the early
pathogenesis of AD remain unclear. In this study, we con-
ducted iTRAQ analysis in the hippocampus in 10- to 12-
week-old hAPPg,, 1nq J20 mice. J20 mice harbor 2 mutations
in human APP (Swe, Ind) [24]; in these mice, senile plaques
are produced at 5 months [25] and are accompanied by the
development of cognitive impairment and a decline in learn-
ing and memory [26]. The iTRAQ results revealed that hun-
dreds of proteins showed marked expression changes in J20
mice relative to the controls, among which 54 showed ex-
pression changes greater than 20%. We further verified these
changes for a subset of the identified proteins at the mRNA
level in the hippocampus of J20 mice and APP/PS1 mice,
another widely used AD mouse model [27]. Finally, based
on the aforementioned results, we tested the function of the
altered proteins, B -spectrin and Rab3a, in APP trafficking
and processing in N2A/APP695 cells, and found thatf -
spectrin and Rab3a play key roles in both APP membrane
insertion and degradation.

2. MATERIAL AND METHODS
2.1. Animals

The APPgy 1ma J20 mice were the gifts from Dr. Binggui
Sun (Zhejiang University). APP/PS1 (APPgy., PS1dE9) mice
were also received as gifts from Dr. Fude Huang (Shanghai
Advanced Research Institute, CAS). All mice were con-
firmed by PCR genotyping. For iTRAQ study, we used fe-
male J20 mice aged 10-12 weeks. For immunoblotting, we
used female J20 and APP/PS1 (APPgye, PS1dE9) mice aged
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10 weeks. For quantitative RT-PCR, we used female J20
mice aged 13-18 weeks, and APP/PS mice with mixed gen-
ders aged 11-18 weeks. All wild-type control mice were lit-
termates of the corresponding AD mice. All animal use pro-
cedures were approved by the Committees at Zhejiang Uni-
versity and Leeds University for the Care and Use of Labora-
tory Animals, and were in accordance with the standards set
forth in the 8th edition of the Guide for the Care and Use of
Laboratory Animals published by the National Academy of
Sciences, the National Academies Press, Washington DC,
United States of America.

2.2. Perfusion and Tissue Dissection

J20 and wild-type female mice aged 10-12 weeks were
anesthetized by intraperitoneal injection with sodium pento-
barbital (1 mg/mL). The diaphragm was opened to expose
the heart and perfusion was performed with ice-cold 1x PBS
(phosphate buffered saline) from the left ventricle until the
effluent ran clear. After perfusion, the brain was carefully
dissected out from the skull and placed on ice. The hippo-
campi were then quickly dissected from the brain for use in
iTRAQ analysis, immunoblotting, or RNA extraction.

2.3. Protein Digestion, iTRAQ Labeling, SCX Chroma-
tography, and MS/MS Analysis

Proteins for each sample were diluted in STD buffer (4%
sodium dodecyl sulfate [SDS], 100 mM dithiothreitol [DTT],
150 mM trisaminomethane hydrochloride [Tris-HCI], pH
8.0), incubated in boiling water for 5 min, diluted with UA
buffer (8 M Urea, 150 mM Tris-HCl, pH 8.0), and trans-
ferred to 30-kDa ultrafiltration tubes. The samples were cen-
trifuged at 14,000 g for 15 min twice with UA buffer and
0.05 M iodoacetamide in UA buffer, incubated for 20 min in
the dark, and centrifuged three times at 14,000 g for 10 min
with the filters equilibrated with DS buffer (50 mM triethy-
lammonium bicarbonate, pH 8.5). Finally, trypsin (Promega)
diluted in DS buffer was added to each filter and incubated
overnight at 37°C. The resulting peptides were collected
through centrifugation, and iTRAQ labeling was performed
according to the manufacturer’s instructions (Applied Bio-
systems). Proteins from 3 wild-type and 3 J20 mice were
labeled with reagents 113, 114, and 115 and reagents 116,
117, and 118, respectively.

Before performing LC-MS/MS analysis, peptides were
separated from excess labeling reagents by performing
strong cation-exchange (SCX) chromatography: peptides
were dried in a vacuum concentrator, dissolved in SCX
buffer A (10 mM KH,POy, in 25% acetonitrile, pH 3.0), and
loaded onto a Polysulfoethyl column (5 um, 200 A, PolyLC
Inc., MD, USA) at a flow rate of | mL/min. Peptides eluted
with elution buffer (10 mM KH,PO,4, 500 mM KCI in 25%
acetonitrile, pH 3.0) were desalted on C18 Cartridges (Em-
pore™ SPE Cartridges C18, Sigma), concentrated using a
vacuum concentrator, and resuspended in 40 pL of 0.1%
(v/v) trifluoroacetic acid. A total of 10 pL of the solution
was injected for nanoLC-MS/MS analysis, using an AB
SCIEX TripleTOF 5600 MS system (Toronto, Concord,
Canada) equipped with a splitless Eksigent nanoUltra 2D
Plus nanoL C system and a cHiPLC Nanoflex microchip sys-
tem (Dublin, CA, USA). Collision energies were calculated



iTRAQ-based Proteomic Analysis of APPs,,;1,. Mice

on-the-fly for all precursor ions by using empirical equations
based on mass and charge, and the Enhance iTRAQ function
was switched on to improve the efficiency of collision-
induced dissociation.

2.4. Cell Culture and Transfection

N2A/APP695 cell medium was composed of equal
amounts of OptiMEM (Gibco #31985-070) and DMEM
(Gibco #11965-092) supplemented with 5% fetal bovine
serum (Gibco #26140-079) and 1% penicillin-streptomycin
(Gibco #15140-122). To select stable cells, G418 (Gibco
#1181-031) was added to the growth medium at 100 pg/mL.
Cells were cultured in a water-jacketed incubator at 37°C
and a humidified atmosphere of air/5% CO,. Cells cultured
in 12-well dishes were transfected with 2-4 pg of DNA in
120 pL of transfection medium composed of 50% OptiMEM
and 50% DMEM by using Lipofectamine 2000 (Invitrogen).
For transfection, the growth medium from the 12-well dishes
was removed and replenished with 0.5 mL of transfection
medium. After transfection for 3 h, 0.75 mL of N2A/APP695
medium was added to the dishes. Cells were harvested 36-48
h after transfection.

2.5. Plasmid Construction

Short hairpin RNA (shRNA) constructs were generated
by annealing synthetic primer pairs and subcloning into pSu-
per vector (a gift from Dr. Ip, Hong Kong University of Sci-
ence and Technology). The annealing primers for -spectrin
shRNA were as follows:

5'-

GATCTCCcccgaagatttgatcgcaaTTCAAGA GAttgecgatcaaate-
ttcggg TTTTTGGAAC-3'

5'-
TCGAGTTCCAAAAAcccgaagatttgatcgcaaTCTCTT-
GAAttgcgatcaaatcttcggg GGA-3'

The annealing primers for f-spectrin shRNA were as fol-
lows:

5'-
GATCTCCgcgccaaggacaacattaal TCAAGAGAttaatgttgtce-
ttggcgc TTTTTGGAAC-3'

5'-
TCGAGTTCCAAAAAgcgccaaggacaacattaaTCTCTTGAAt-
taatgttgtccttggcgcGGA-3 '

2.6. Real-time Fluorescence Quantitative PCR

Hippocampal RNA was extracted using the Qiagen
RNeasy mini kit. N2A/APP695 cell RNA was harvested
using Trizol (Takara). After measuring the RNA concentra-
tion, template RNA was reverse-transcribed into comple-
mentary DNA (cDNA) using the QuantiTect reverse-
transcription kit. The QuantiFast SYBR Green PCR kit
(Qiagen) was used to examine the relevant messenger RNA
(mRNA) level. Real-time fluorescence quantitative PCR was
performed in a CFX96 TouchTM Real-Time PCR Detection
System (Bio-Rad). For each gene, one pair of primers was
designed (Supplementary Table 1) and verified through RT-
PCR and DNA gel imaging. Each reaction was performed
using 3 duplicate samples. The relative expression of genes
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was quantified by calculating the Cq value by using the -
AACt method, and GAPDH was used as a reference gene.

2.7. Immunoblotting

Brain tissue samples from separated brain regions were
homogenized in 10 mM Tris-HCI (pH 7.4) and centrifuged at
14,000 g for 20 min at 4°C. Protein concentration was de-
termined using a BCA Protein Assay Kit (Thermo 23225)
and adjusted to 1 mg/mL. Cells were harvested using Laem-
mli sample buffer and fully scraped out using a cell scraper,
and the collected cell samples were boiled for 5 min at
100°C.

The proteins were separated using 10% or 12% SDS-
PAGE and transferred to polyvinylidene fluoride membranes
(Bio-Rad). The membranes were blocked in 0.5% skim-milk
powder dissolved in Tris buffered saline tween (TBST). An-
tibodies used for immunoblotting were APP C-terminus
(1:3000, Ct15, HuaAn), B-spectrin (1:1000, Abcam), sAPPa
(1:50, IBL), sAPPB (1:50, IBL) and GAPDH (1:1000, Be-
yotime), and fluorescent secondary antibodies (1:5000,
680M, 680R, Pierce). Protein bands were visualized using an
Odyssey Infrared Imaging system (LI-COR).

2.8. Immunocytochemistry

To examine total APP expression, cells were fixed using
4% PFA (paraformaldehyde) in PBS containing 4% sucrose
for 15 min, permeabilized with 0.2% Triton X-100 in PBS
for 10 min, blocked in 10% NDS (normal donkey serum,
diluted in PBS) for 1 h, incubated with anti-APP antibody
6E10 (1:500 in 3% NDS; Covance) overnight at 4°C, and
then incubated with fluorescent Cyanine 3-M secondary an-
tibodies (1:500; Invitrogen). To examine cell-surface APP,
cells were fixed in 2% PFA in PBS containing 4% sucrose
without Triton X-100 treatment. Images were captured using
a laser-scanning confocal microscope (Olympus, FV-1000).

2.9. Data Analysis

All LC-MS/MS data were processed using ProteinPilot
software. The MS/MS data were used to search the ExXPASy
database by using the “thorough search” option. Data were
normalized using ProteinPilot. All reported data were based
on FDR < 1% confidence for protein identification. Gene
oncology (GO) analysis was performed by the Gene Ontol-
ogy Consortium (http://geneontology.org/) [28, 29]. Gene
names were submitted for enrichment analysis, and the un-
mapped gene IDs were then modified and searched using
their synonyms. The significance of the representation of the
functional groups in the genes in comparison to the reference
list was assessed using the binomial test [30] with a cut-off
of P < 0.05. The data were exported and presented as pie
charts by Microsoft Excel. The peptide-enrichment analysis
and peptide alignment to the full-length protein sequence
were performed using MAFFT software version 7 [31]. The
data were exported and further analyzed to draw the consen-
sus sequence mapping diagram using Jalview software ver-
sion 2 [32]. Protein bands in immunoblots were analyzed
using ImageJ (National Institutes of Health). Fluorescence
signals were analyzed using MetaMorph software. Data were
statistically analyzed by using GraphPad Prism v5.0 (Graph-
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Pad Software, USA) and conducting unpaired or paired Stu-
dent’s ¢ tests. At least 3 replicates were performed for each
experiment.

3. RESULTS

3.1. Global Protein-expression Differences Between Con-
trol and APPs,, 1nq Mice

To examine the early molecular alterations in AD, we
used the iTRAQ approach and performed large-scale quanti-
tative analysis on the APPs,, 1.q J20 mouse, a widely accepted
AD mouse model. Because the hippocampus is one of the
first brain regions damaged during the early stages of AD [3,
7, 33], we dissected out the hippocampi from control and J20
mice when the mice were 10-12 weeks old, i.e., before the
appearance of AP plaques [24]. The control and J20 hippo-
campal proteins were digested by trypsin and labeled at their
free amine sites by using isobaric mass-tag labels (control:
113, 114, 115, J20: 116, 117, 118) and analyzed using liquid
chromatography tandem-mass spectrometry (LC-MS/MS).
The iTRAQ results identified more than 3000 proteins from
each sample, among which 363 proteins showing significant
changes in J20-mouse hippocampal samples examined (Ta-
ble 1). In addition, we were able to detect proteins with more
than 20% or even 50% of expression changes in 10- to 12-
week-old J20 mice hippocampus (Table 1), indicating obvi-
ous changes take place during early development of AD.

To obtain an overall understanding of the basic biological
properties of the identified proteins in J20 mice, we per-
formed gene ontology (GO) analysis of the 131 protein-
encoding genes with statistically significant expression level
changes for more than 10% of the controls. The unmapped
genes were re-searched with their synonyms, and finally all
genes except 1 were mapped (Table 2).

The GO data revealed that most of the altered proteins
were proteins with binding or catalytic capabilities (Fig. 1A).
Proteins with catalytic activities mainly showed upregulated
expression, while structural proteins showed more on down-
regulated expression (Fig. 1A). When grouped with their
biological process properties, the altered proteins were found
mostly involved in cellular, metabolic, and developmental
processes, or in regulating molecular localization (Fig. 1B).
Proteins involved in metabolic processes, or in regulating
localization were tended to be increased (Fig. 1B); by con-
trast, proteins involved in cellular and developmental proc-

Table 1.

Lietal.

esses were downregulated in a greater population than those
that were upregulated (Fig. 1B). Intriguingly, cellular com-
ponents analysis showed that there were increased levels of
macromolecular complexes and membrane proteins in J20
mice, while extracellular region protein, organelle proteins,
or cell part proteins (basic structural and functional proteins
of all organisms) were prominently decreased (Fig. 1C). Col-
lectively, the GO classification results provided an overview
showing that during the early stages of AD pathology, abun-
dant changes are exhibited by changes in structural protein,
membrane protein composition, extracellular matrix, and
enzyme catalytic activities in the hippocampus.

3.2. Comparison of Protein Levels Between Controls and
APPSw,lnd Mice

To analyze the specific proteins altered in J20 mice in de-
tail, we further screened the proteins based on their fold-
changes in expression level. We identified 165 proteins that
showed at least a 20% increase or decrease in expression, of
which 54 showed significant changes (Supplementary Table
2). Moreover, 15 proteins exhibited more than a 50% change
in their expression levels (Table 3). As an internal control,
mouse endogenous APP did not display any clear expression
change in J20 mice, whereas the exogenous human APP ex-
hibited almost 3-fold increase compared to endogenous APP,
indicating the successful transgenic expression of the
hAPPs,, 1na gene, as well as the reliable quantification of pro-
tein mass using iTRAQ.

From the table, we noted a 49.7% reduction in the ex-
pression level of myelin basic protein (Mbp), indicating that
the neurons could undergo demyelination during the early
pathogenesis of AD, even before the appearance of AP
plaques. A similar phenomenon was also observed in the
hippocampus of 3xTgAD mice [34]. Notably, GFAP, a glial
marker protein, was prominently increased in J20 mice (Ta-
ble 3), indicating the astrocyte activation and reactive gliosis
accompanying AD pathogenesis. Moreover, we observed
increased expression of ephrin B3, procollagen, and cadherin
proteins, which suggests that in early AD progression, the
cell adhesion could be affected. The mechanistic target of
rapamycin (mTOR) signaling pathway might also be in-
volved. Lastly, increased expression of Plch2, Plbd2,
dephospho-CoA kinase domain-containing protein (Dcakd),
and AH receptor-interacting protein (Aip) indicated changes
in basal metabolism in the J20 hippocampus, and the upregu-

Quantification of proteins that showed expression-level changes. Protein numbers were determined based on expression-

level changes in J20 mice as compared to wild-type mice. Significant change: proteins in J20 mice showing statistically
significant changes relative to wild-type control; Student’s 7 test, P < 0.05.

Percentage of Expression Level Change
Classify
>0% >5% >10% >20% >50%
Total number 774 674 432 167 15
Significant change 363 249 131 54 5
Decreased expression 458 396 227 67 1
Increased expression 316 278 205 100 14
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Table 2. Gene-ontology mapping quality. Gene were submitted for enrichment analysis in Gene Ontology Consortium, and the
unmapped gene IDs were then modified and searched using their synonyms. The unsuccessfully mapped gene was Rpsa-
Ps10 (entry deleted).
Before Modification After Modification
Gene Groups Remark
Mapped Unmapped Mapped Unmapped
Decreased 66 0 66 0
Increased 61 4 64 1 reference disclosed
Table 3. List of proteins with expression-level change for larger than 50%. Fifteen proteins that showed larger than 50% expres-
sion-level change in J20 mice are listed together with gene names, protein names, ExXPASy accession numbers, and expres-
sion-level quantification parameters; 5 of the proteins that showed significant changes are indicated by asterisks. Peptides
(95%): number of detected peptides at >95% confidence; % Cov: percentage of coverage of peptides on identified pro-
teins; % change: percentage change of protein-expression level in J20 mice as compared to that in wild-type mice. *P <
0.05, **P < 0.01: significant changes in protein-expression levels.
GFAP Glial fibrillary acidic protein P03995 51 76.5 99.4 0.059
Mbp Myelin basic protein F6RT34 73 722 -49.7 0.068
Colla2 Procollagen, type I, alpha 2 Q3TX57 17 29.8 59.5 0.154
Calb2 Calretinin Q08331 11 56.8 133.6 0.221
Plch2 1-phosphatidylinositol 4,5-bisphosphate phosphodi- FIC3A0 5 135 573 0.003
esterase eta-2
Cdh13 Cadherin 13 Q8VDK4 4 13.9 67.7 0.020
Aip AH receptor-interacting protein 008915 2 233 114.6 0.069
Dcakd Dephospho-CoA kinase domain-containing protein Q8BHC4 2 16.9 78.6 0.035
Atp2al Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 Q8R429 12 23.7 216.6 0.206
Plbd2 Putative phospholipase B-like 2 Q3TCN2 1 6.9 88.0 0.065
Efnb3 Ephrin B3 Q543Q7 1 15.6 114.4 0.063
Fam81a Protein FAMS1A Q3UXZ6 2 20.3 129.7 0.045
Abca9 ATP-binding cassette sub-family A member 9 Q8K449 0 7.5 54.3 0.089
Wdr77 Methylosome protein 50 Q99J09 1 5 78.0 0.154

lation of methylosome protein 50 suggested potential epige-
netic alterations in early AD.

We also examined the proteins that showed significant
changes in expression of more than 20% of control mice
level (Supplementary Table 2). Myelin-associated glycopro-
tein (Mag), which is another myelination-associated protein,
showed reduced expression, whereas raptor, a regulatory
component in the mTOR pathway, showed a 19.7% increase
in protein level. Additional changes in the signaling path-
ways in AD were suggested by a downregulation in the J20

hippocampus of certain transporters, protein tyrosine
kinases, and the sodium channel subunit 3-2 (Scn2b).

3.3. Validation of mRNA Expression Levels in AD Mouse
Models

Next, we validates gene-expression changes at the
mRNA level by quantitative RT-PCR in hippocampal sam-
ples obtained from J20 and another AD mouse model, the
APP/PS1 (APPsye, PS1dE9) mice [27], at the age of 10-12
weeks. We examined 34 genes based on their expression
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Fig. (1). Gene-ontology analysis of proteins showing altered expression in J20 mice. GO analysis was performed to classify the proteins that
showed at least 10% of significant altered expression levels in the iTRAQ study. Populations of proteins that showed altered expression,
increased expression, or decreased expression are indicated based on their GO for (A) molecular function, (B) biological process, and (C)

cellular components.

changes and acknowledged associations with AD. The re-
sults of quantitative RT-PCR showed that these genes exhib-
ited distinct patterns of expression. Accordingly, we classi-
fied the genes into 4 groups: (1) genes that showed a consis-
tent change at both the protein and mRNA levels in both J20
and APP/PS1 mice (Fig. 2A); (2) genes that showed a con-
sistent change at both the protein and mRNA levels in J20
mice, but showed either no significant change or a reversed
mRNA-level change in APP/PS1 mice (Fig. 2B); (3) genes
that showed a reversed change between protein and mRNA
levels in J20 mice, but showed the same change in protein
levels in J20 mice and mRNA levels in APP/PS1 mice (Fig.
2C); and (4) genes that showed reversed changes between
protein and mRNA levels in both mouse models (Fig. 2D).

Genes in group 1 mostly included those associated with
oxidative stress and neuro-protection. The expression of glial
high-affinity glutamate transporter GLT-1 (gene name
Slcla2) was diminished in both mouse models and at both
protein and mRNA levels (Fig. 2A), which indicated defects
in glial glutamate uptake. Similar reductions were also ex-
hibited by peroxiredoxin 6 (Prdx6), an antioxidant enzyme
expressed mainly in astrocytes [35], and sirtuin 2 (SIRT2), a
recognized microtubule organizer and histone regulator that
is associated with Huntington disease and Parkinson disease
[36] (Fig. 2A). Moreover, glutathione S-transferase p-1
(Gstm1), an AD risk factor [37-39], showed a significant and
consistent reduction in both mouse models (Fig. 2A). Nota-
bly, 3 proteins closely related to AD and Lewy body spec-
trum disorders [40-45], limbic system-associated membrane
protein (Isamp) and the neurotrophic and neuroprotective
factors synuclein and S100b, were reduced in both the J20
and the APP/PS1 hippocampus (Fig. 2A). We also found

proteins with changes that differed from previous studies.
S100b was found to be elevated in the temporal lobe of AD
patients [46], but had a decreased expression in 2-month-old
AD mice hippocampi (Fig. 2A). Ubiquitin carboxyl-terminal
esterase L1 (Uchll) was reported to be reduced in the brain
samples of sporadic AD patients [47], but we detected ele-
vated Uchll expression at both the protein and mRNA levels
in both AD mouse models (Fig. 2A).

Among Group 2 genes, we found the gene encoding EF-
hand domain-containing protein D2(EFhd2), a calcium-
binding protein that was reported to form filamentous struc-
tures and co-aggregate with Tau proteins in AD brains [48];
EFhd2 exhibited increased expression in J20 mice, but the
variation of the PCR product in APP/PS1 mice was too large
to allow detection of any statistically significant change (Fig.
2B). This result showed that a cytoskeleton dependent traf-
ficking could be altered during early AD pathology of J20
mice.

Group 3 comprised genes encoding small G proteins,
spectrins, and the SNARE protein N-ethylmaleimide-
sensitive factor (Nsf), all of which showed reduced protein
expression but increased mRNA levels in J20 mice, and re-
duced mRNA levels in APP/PS1 mice (Fig. 2C). The incon-
sistency between the protein and mRNA expression levels
might be due to differences in compensatory strategies of
cells for core protein loss, or the intrinsic differences in gene
transcription between the two mouse models.

We noted an interesting trend among Group 4 genes: the
small G protein Rab3 and 2 proteins that associate with it,
rabconnectin-3 (DmxI2) and rabphilin 3A (Rph3a), showed
reduced protein expression and increased mRNA expression.
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Because Rab3a and its associated complex have been re-
ported to regulate the anterograde transport of APP [49], we
consider these results to suggest a role of Rab3 functional
complex in early AD pathology or to exerts a compensatory
role under APP overexpression.

3.4. Validation of Protein Expression Levels in AD Mouse
Models

To further confirm the validation of iTRAQ results, we
examined the protein expression levels in J20 mice and other
AD mouse models using the western blot approach. Elevated

models. Error bars denote the SEM; Student’s test, *P < 0.05, **P < 0.01,

GFAP expression accompanied by astrogliosis is one of the
hallmark proteins found to be elevated in CSF of AD and
dementia patients [50-53]. Ubiquitin is one of the proteins
we found to have different expression changes as previously
reported [49]. We checked the GFAP and ubiquitin protein
levels in hippocampus and cortex of J20 and APP/PS1 mice
aged 10-12 weeks (Fig. 3). Consistent with the qRT-PCR
result, the immunoblotting result showed a prominent in-
crease of GFAP expression in both hippocampus and cortex
regions of J20 mice (Fig. 3A, B), while its expression in
APP/PS1 mice had no distinguishable change from WT mice
(Fig. 3C, D). For ubiquitin, we detected a consistent increase
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in both hippocampus and cortex of J20 and APP/PS1 mice
compared to WT mice (Fig. 3). Even though the increment
of ubiquitin expression in J20 hippocampus did not show
statistical significance, we observed a trend of increased ex-
pression (Fig. 3A).

Spectrins were identified as one of the proteins deposited
in AP plaques [54, 55]. a-spectrin was shown to be cleaved
by calpain and caspase-3 and its 120-kDa breakdown prod-
uct was increased in the aged brains from both AD patients
and 3xTgAD mice [56-59], and is therefore considered as a
potential AD biomarker [60]. Recently, B-spectrin was also
found to be cleaved by calpain and caspase under neurotoxic
and traumatic brain-injury conditions [61]. Our iTRAQ and
qRT-PCR results showed that f-spectrin protein expression
was diminished but the mRNA level was increased (Supple-
mentary Table 2 and Fig. 2C). The expression of this spec-
trin could have been diminished as the result of a reduction
in the level of the full-length protein or the protein fragment.
To clarify this, we determined the enrichment of f-spectrin
peptides from the iTRAQ results. Every identified peptide
was aligned with the B -spectrin full-length sequence, and

with the peptides that showed more than a 20% or 50%
change in quantity. The alignment results revealed that the
identified peptides covered almost the entire 3 -spectrin se-
quence (Fig. 4A, peptide hits). The peptides with expression-
level changes were distributed evenly in protein, suggesting
an overall reduction of the full-length protein (Fig. 4A).
Moreover, the increased peptide population did not show a
clustering pattern resembling calpain- or caspase-cleaved
fragments (Fig. 4A). Therefore, the reduction of B-spectrin in
our result could represent a general protein-degradation
event instead of partial cleavage in the early stages of AD in
the J20 mouse hippocampus.

We also examined the expression level of f-spectrin in
distinct brain regions of 10-week-old J20 and APP/PS1
mice; the results showed that full-length B -spectrin was re-
duced slightly in the hippocampus of J20 mice and remarka-
bly in the hippocampus and cortex region of APP/PS1 mice
(Fig. 4B, C). These results suggest that the reduction of p-
spectrin is a common defect in J20 and APP/PS1 AD mouse
models.
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3.5. p-spectrin and Rab3a Regulate APP Processing and
Trafficking

Because B-spectrin plays an important role in vesicle
transport [62, 63], we wondered if it is also involved in APP
trafficking and AD pathology. We therefore used shRNAs to
knockdown endogenous f -spectrin in neuroblastoma N2A
cells stably expressing human APP695  protein
(N2A/APP695 cells) [64]. Cells were cotransfected with
shRNA plasmid together with a GFP-expressing plasmid,
and the APP level was detected using both immunoblotting
and immunostaining approaches. Successful knockdown of
B-spectrin was demonstrated by the results of immunoblot-
ting and qRT-PCR assays (Fig. 5A). We found thatf -
spectrin depletion led to elevated proteolytic processing of
APP, indicated by the increased APP C-terminal fragments
(Fig. 5SB). We also detected a significant increase in soluble
APP fragment sAPPa production and a trend of increase in
sAPPp production in the culturing medium of N2A/APP695
cells after B-spectrin knockdown (Fig. 5C). The surface APP

level was also elevated in N2A/APP69S cells after B-spectrin
knockdown (Fig. SD). These results indicate that 3-spectrin
regulates APP trafficking and processing. The B-spectrin
level should be maintained at an appropriate level to prevent
both excessive cell-surface expression and excessive cleav-
age of APP. The reduced protein expression and elevated
mRNA level of ff-spectrin measured in J20 mice raised the
possibility that through certain feedback pathways, AD cells
might increase the B-spectrin transcript level to compensate
for the protein loss.

In addition, we examined the function of Rab3a on APP
expression and processing using the same approach, because
it had been reported to regulate the anterograde transport of
APP in axons [49]. A similar result was found on APP ex-
pression after Rab3a knockdown by RNAi. The total and
soluble APP fragments were upregulated by Rab3a knock-
down (Supplementary Fig. 1A), as was the membrane APP
level (Supplementary Fig. 1B). The result showed that Rab3a
also plays important role in APP degradation processing and
protein expression.
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replicates.

4. DISCUSSION

AD early diagnosis and intervention are critical but as yet
unsatisfied requirements in AD treatment. Previous iTRAQ
studies have identified alterations in inflammatory response,
lipid transport, and neuronal growth in late AD pathogenesis
[21-23]. AP42, total Tau, kallikrein 6, gelsolin, tenascin-R,
AHNAK, afamin, and the Ig p-chain C region have been
identified as potential markers for AD diagnosis [14, 16, 17,
21-23]. However, all of these proteins were identified in the
symptomatic stage of AD. In this study, we performed
iTRAQ analysis on hippocampal proteins from 10- to 12-
week-old APPs,, 1,¢ mice, which allowed us to observe the
early molecular changes in this AD mouse model before
morphological or behavioral symptoms. In addition to stim-
uli response- and neuronal growth-involved changes, we
have also identified several biological functions altered in
the early stages of AD progression, such as GFAP, Mag and
Mog proteins for myelination and astrocyte activation. In
addition to the aforementioned abnormalities, we detected
the upregulation of proteins in the mTOR signaling pathways
(Fig. 6), and the downregulation of proteins of the Rab3
complex, which is involved in APP trafficking and exocyto-
sis [49, 65, 66]. Insufficiency in the Rab3 level may lead to
accumulation of intracellular APP and thereby increase the
APP cleavage.

Another protein besides Rab3-complex proteins that was
downregulated was full-length B -spectrin, accompanied by
an upregulation of its mRNA level. It was not surprising that
the increased B-spectrin fragment could not be detected in
our study. As previously reported, the B-spectrin fragment
accumulation was not found in 6-month-old mice, but was
found in the 12 month-old + 3xTg-AD mice and in elderly
AD patients [56, 59]. The increased mRNA level of B-

spectrin could also represent a cell-defense mechanism in
early AD pathology. Spectrin serves as a scaffold protein for
membrane proteins [67, 68]. One of the brain-specific beta-
spectrins was also found to interact with Muncl3 and be
involved in neurotransmitter release and protein membrane
delivery [62, 63]. Therefore, spectrin could also be involved
in the membrane transport and stabilization of APP. To test
this hypothesis, we knocked down the expression of endoge-
nous B -spectrin by using shRNAs, and found that APP
cleavage was increased. We think that once spectrin is
knocked down, the APP will be maintained in trafficking
vesicles or endosomes, which would facilitate its proteolytic
cleavage. The B-spectrin level was probably diminished as a
result of accelerated B -spectrin degradation, which led to
increased APP proteolysis. Neurons could enhance the -
spectrin mRNA production through a feedback loop as a
mechanism to decelerate the amyloid production and thereby
attenuate the AD pathology.

As summarized in (Fig. 6), our results provide insights
into the possible changes in early AD hippocampus: Demye-
lination and astrocyte activation can occur before Ap plaque
formation. Glutamate releasing and axonal growth can be
disturbed. Cell adhesion molecules were reduced to affect
the spine formation. The Akt-mTOR signal pathway was
affected, which facilitate amyloid deposition and reduce cell
survival capability. The cells in the AD hippocampus could
boost their metabolic and transcriptional activities, and in-
crease their sensitivity to oxidative stress. Concurrently, the
levels of synaptic and organelle proteins could diminish as
apoptosis progresses.

It is worth mentioning that for Racl, Rala, spectrins, and
Nsf, we detected inconsistent changes between the mRNA
and protein expression levels in J20 mice but not APP/PS1
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Fig. (6). Schematic diagram representing early changes in hippocampus of AD mice.

mice. These distinct mRNA changes in the two mouse mod-
els probably reflect dissimilar compensatory capabilities in
different mouse models, or due to the overexpression effect
of mutant PS1. The previously mentioned proteins play an
important role in regulating vesicle trafficking, and a lack of
these important functions may lead to a feedback effect of
elevated gene transcription. Another possible explanation
goes to their intrinsic gene expression differences in the two
mouse models. In J20 mice, AP deposition starts between 4
and 5 months of age [24], and becomes extensively visible in
cortex and hippocampus by 12 months [69]. The astrocyte
activation and increased neurogenesis in hippocampus was
detected as early as 3 months, and the elevated neurogenesis
reverted when the mice became older [70, 71]. In APP/PS1
mice, AP deposition starts at 6 months of age [72]. The as-
trocyte activation could be detected by 8 months [73], which
explains why the GFAP showed an increase in both protein
and mRNA level in J20 mice but not in APP/PS1 mice in our
results (Fig. 2 and Fig. 3). It is worth mentioning that the
APP+PS1 mice had more severe spine loss than the J20 mice
at the same age [74]. In addition, the behavioral study from
the two mouse models showed distinct progression in mem-
ory deficits and cognition deficits by Webster et al. [75].
Therefore, the APP/PS1 mice have slower pathogenic pro-
gression than the J20 mice possibly due to the reason that
some gene showed expression changes in J20 mice had no
change in APP/PS1 mice (Fig. 2), or this could be a conse-
quence of the overexpression of mutant PS1 protein.

CONCLUSION

In conclusion, we identified several biological abnormali-
ties that occur in the early stages of AD in the mouse hippo-
campus, including astrocyte activation, microglial activation,
and extracellular matrix protein overexpression. We also
detected the involvement of mTOR signaling and B-spectrin-
and Rab3-mediated APP trafficking and proteolysis in early

AD pathogenesis. Our results provide new insights into the
early changes that occur in AD, and further identify candi-
date proteins as future early AD biomarkers or therapeutic

targets.

LIST OF ABBREVIATIONS

AD = Alzheimer Disease

AP = B-Amyloid Peptide
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