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Deep proteome profiling of the hippocampus
in the 5XFAD mouse model reveals biological
process alterations and a novel biomarker
of Alzheimer’s disease
Dong Kyu Kim1, Dohyun Han 2, Joonho Park3, Hyunjung Choi4, Jong-Chan Park1, Moon-Yong Cha5, Jongmin Woo1,
Min Soo Byun6, Dong Young Lee7,8, Youngsoo Kim 1,3 and Inhee Mook-Jung1

Abstract
Alzheimer’s disease (AD), which is the most common type of dementia, is characterized by the deposition of
extracellular amyloid plaques. To understand the pathophysiology of the AD brain, the assessment of global
proteomic dynamics is required. Since the hippocampus is a major region affected in the AD brain, we performed
hippocampal analysis and identified proteins that are differentially expressed between wild-type and 5XFAD model
mice via LC-MS methods. To reveal the relationship between proteomic changes and the progression of amyloid
plaque deposition in the hippocampus, we analyzed the hippocampal proteome at two ages (5 and 10 months). We
identified 9,313 total proteins and 1411 differentially expressed proteins (DEPs) in 5- and 10-month-old wild-type and
5XFAD mice. We designated a group of proteins showing the same pattern of changes as amyloid beta (Aβ) as the
Aβ-responsive proteome. In addition, we examined potential biomarkers by investigating secretory proteins from the
Aβ-responsive proteome. Consequently, we identified vitamin K-dependent protein S (PROS1) as a novel microglia-
derived biomarker candidate in the hippocampus of 5XFAD mice. Moreover, we confirmed that the PROS1 level in the
serum of 5XFAD mice increases as the disease progresses. An increase in PROS1 is also observed in the sera of AD
patients and shows a close correlation with AD neuroimaging markers in humans. Therefore, our quantitative
proteome data obtained from 5XFAD model mice successfully predicted AD-related biological alterations and
suggested a novel protein biomarker for AD.

Introduction
Alzheimer’s disease (AD) accounts for the highest pro-

portion of neurodegenerative disease patients worldwide
and is the leading cause of dementia. The distinct
pathological hallmarks of AD are extracellular amyloid
plaques and intracellular neurofibrillary tangles

accompanied by synaptic loss and neuroinflammation in
the brain1. The hippocampus, which is essential for
memory and cognitive function, is vulnerable to these
pathological characteristics in AD patients2. Amyloid-
associated pathology is the first aspect of the disease to
appear and increase, preceding the appearance of cogni-
tive dysfunction and memory loss3. The amyloid cascade
hypothesis suggests that the production of amyloid beta
(Aβ) is the initial amyloid-triggered reaction and that it
initiates the subsequent development of AD symptoms4.
Since Aβ causes cellular toxicity in a variety of ways, it is
important to understand the molecular pathologic
symptoms that occur in response to Aβ. However, the
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complex molecular pathologies of AD are not yet fully
understood. An improved understanding of the dynamic
protein expression changes induced by Aβ and amyloid
plaques has provided insight into AD pathogenesis and
shed light on some pathways that may be altered in AD.
Systematic analysis can provide an overview of the
pathological phenomena of AD and suggest potential
therapeutic targets and novel biomarkers. Here, we
examined the hippocampal proteome of 5XFAD mice,
which overexpress mutated versions of the human amy-
loid precursor protein (APP) and human presenilin-1
(PSEN1) and, thus, produce excessive Aβ in their brains.
This overproduced Aβ accumulates and forms extra-
cellular amyloid plaques in the hippocampus beginning at
an early age in these mice, resulting in the earlier
appearance of AD pathogenesis in the hippocampus of
these model mice compared to other AD mouse models5.
Mass spectrometry (MS)-based quantitative proteomics

is a powerful technology that can offer unprecedented
insights into complex biological processes and pheno-
types6. Advances in liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS) have enabled the
high-throughput detection and quantification of thou-
sands of proteins in numerous mouse brain tissue sam-
ples7,8. At present, there are two popular strategies for
protein-based quantification: the label-free quantification
(LFQ) and isobaric tandem mass tags (iTRAQ, TMT)
approaches. In general, quantification approaches based
on isobaric chemical tags (e.g., TMT) that target primary
amines rely on the measurement of reporter ions detected
at the MS2 level after fragmentation and allow multi-
plexing of up to 10 samples without missing values. We
recently employed a TMT approach to quantify ~7000
proteins from mouse hippocampi to define signatures
associated with AD pathogenesis9. However, TMT stra-
tegies have several limitations, including the need for
expensive labeling reagents, the risk of incomplete label-
ing of the proteome, the potential for a low peptide
identification rate10, and the possibility that ratio com-
pression will be caused by coisolation and co-
fragmentation of interfering ions11. Although MS3-based
approaches have been introduced to circumvent the ratio
compression issues11, these approaches are usually limited
to specialized MS instruments and/or are not yet in
routine use12,13.
LFQ does not require the incorporation of stable iso-

topes and instead relies on the comparison of peptide
MS1 signal intensities between LC-MS runs; it is therefore
easy to integrate into most experimental workflows14.
LFQ has some limitations, such as an increased risk of
missing values and variances for lower-abundance pro-
teins because it measures each sample individually, but
advances in detection and quantitation have shown pro-
mise in ameliorating the former issue14,15. In addition,

recent in-depth comparisons of isobaric labeling with LFQ
showed that the latter yields superior results in terms of
protein coverage and increased protein identification10,16.
Several groups have constructed proteome databases

from human AD brain samples and AD mouse models17–19,
but these studies examined fixed time points and, thus,
did not reveal progressive proteomic changes induced by
the accumulation of Aβ in the brain. In addition, these
studies did not address potential age-related changes in
the brain proteome, and the observed differences were
therefore assumed to be genotype related. Although a few
studies have analyzed the hippocampal proteome of AD
model mice, they examined the changes in proteins and
biological pathways previously known to be associated
with AD8. Here, we sought to investigate biological
pathways altered by changes in age-related protein
expression in AD model mice to gain new insight into the
pathogenesis of AD. Furthermore, we identified the group
of DEPs exhibiting the same increasing tendency as the
Aβ production pattern and referred to these proteins as
the Aβ-responsive proteome. Based on an in-depth hip-
pocampal proteome database, we discovered a novel
biomarker for AD that fulfills two conditions:
Aβ-responsiveness and a secretory nature of the protein,
reflecting AD pathology in peripheral tissues. Among the
proteins belonging to the Aβ-responsive proteome, sev-
eral secretory proteins involved in the complement and
coagulation pathways were identified. Specifically, we
identified a new target protein, Vitamin K-dependent
protein S (PROS1), which appears to be a novel serum
biomarker candidate for AD. Since PROS1 is mainly
produced by microglia in the brain, we suggest that
PROS1 plays a role in the neuro-inflammatory responses
of AD pathogenesis. As the first evidence for assessing the
potential pathological relevance of PROS1 in AD, we
confirmed the association of PROS1 with AD pathogen-
esis in mice and humans and showed that it serves as a
novel biomarker.

Materials and methods
Cell culture
The BV-2, C8-D1A, bEND3, U373, and HT22 cell lines

were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with L-glutamine, 10% FBS, and
1% penicillin/streptomycin at 37 °C with 5% CO2. The
cells were harvested with PBS and flash frozen in liquid
nitrogen for storage20.

Culture of primary microglia
The culture of primary microglia was performed as

previously described21. Primary microglia were cultured
from the brains of postnatal day 1–2 ICR mice. Briefly,
whole brains without their meninges were dissociated in
10ml of DMEM containing 10% FBS by using glass
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pipettes. The resulting dissociated cell suspension was
filtered through a 40 μm cell strainer to remove tissue
debris. After adding 10ml of DMEM to the filtered cell
suspension, the whole cell suspension was plated in PDL-
coated T-75 flasks and incubated at 37 °C with 5% CO.
After 2 days, the whole culture medium was replaced with
fresh culture media. After 2 weeks, astrocytes were
layered at the bottom of the T-75 flask, and microglia
grew on top of the astrocyte layer. The flasks were lightly
tapped and shaken to detach microglia. The resulting cells
were seeded in PDL-coated plates.

Transgenic mice
5XFAD mice (Tg6799; Jackson Laboratory, Stock

#006554) possess five familial AD mutations within two
human transgenes, APP and PSEN1. The human APP
transgene contains the Swedish (K670N, M671L), Florida
(I716V), and London (V717I) mutations, and the human
PSEN1 transgene contains the M146L and L286V muta-
tions. Both genes are regulated by the murine Thy1 pro-
moter. These mice rapidly develop an AD-like
pathogenesis, including amyloid plaques, activation of the
immune system, and cognitive impairment. The deposi-
tion of extracellular amyloid plaques begins at 2 months
of age, when it is observed in the fifth layer of the cortex
and in the subiculum region. Amyloid plaques are
deposited throughout the hippocampus by 4–5 months of
age. Neuroinflammation starts at 2 months of age and is
followed by the deposition of amyloid plaques. Memory
impairment is observed beginning at 6 months of age5. To
visualize microglia in 5XFAD mice, 5XFAD mice were
crossed with CX3CR1GFP/GFP mice (JAX stock #005582,
The Jackson Laboratory)22. The 5XFAD:CX3CR1GFP/+

offspring exhibited AD pathogenesis and expressed GFP
in their microglia. The CX3CR1GFP/+ offspring, which did
not carry the human App and Psen1 mutations, were used
as wild-type controls (wild-type:CX3CR1GFP/+). All
experiments were performed using female mice. All ani-
mal experiments and management procedures were per-
formed as outlined in the guidelines of the Institutional
Animal Care and Use Committee of Seoul National
University.

Other methods
Additional experimental methods are provided in the

Supplementary Materials and Methods.

Results
Deep hippocampal proteomic analysis of 5XFAD mice
5XFAD transgenic mice develop AD pathogenesis

rapidly in their brains, with amyloid plaques appearing in
the hippocampus beginning at 3–4 months of age5. To
quantify the amyloid plaques deposited in the hippo-
campus of 5XFAD mice at 5 and 10 months of age, we

performed immunohistochemistry using the biotin-4G8
antibody to stain amyloid plaques. At 5 months of age, we
observed a few small amyloid plaques in the hippocampus
of these model mice. At 10 months of age, the amyloid
plaques were increased in both size and number (Sup-
plementary Fig. S1). To investigate the
neurodegeneration-associated hippocampal proteome in
response to amyloid pathology, we analyzed the hippo-
campi of 5XFAD mice at 5 and 10 months versus those of
wild-type mice.
We performed quantitative proteomic analysis using

three replicates of hippocampi dissected from wild-type
and 5XFAD mice at 5 and 10 months of age (Fig. 1a). Our
group recently showed that double enzyme digestion and
peptide-level fractionation coupled to advanced MS
instrumentation could achieve protein identification at
great depth9,23. Building on these findings, we used a
combined proteomic strategy including filter-aided sam-
ple preparation, high-pH peptide fractionation, and high-
resolution Orbitrap mass spectrometry to identify 9313
proteins in the hippocampal proteome (Fig. 1a). To
expand the coverage of the identified hippocampal pro-
teome, we used brain-specific cell lines (C8-D1A, BV-2,
and HT-22) to generate spectral libraries. In total, we
identified 9179 proteins in hippocampal tissues and 9011
proteins in the brain-specific cell lines, among which 8877
proteins (95% of the total) were detected in both systems
(Fig. 1b and Supplementary Table S1). We quantified an
average of 7600 proteins per mouse group by stringent
filtering for valid values (Fig. 1b). We found that the
detected protein abundances spanned seven orders of
magnitude, with a small subset of 75 proteins constituting
50% of the total protein mass (Fig. 1c). Gene ontology
(GO) analysis showed that the GO-Biological Process
(GOBP) and GO-Cellular Component (GOCC) terms that
were enriched in each quartile presented the expected
correlations with the overall protein abundances (Fig. 1c).
Interestingly, the high-abundance proteins were strongly
enriched for extracellular vesicle proteins. This situation
was previously observed in another hippocampus pro-
teome7 and presumably indicates that the inter- and
intracellular signaling mediated by extracellular vesicles is
relevant to cells of the hippocampus. Collectively, our
hippocampal proteome data obtained from wild-type and
transgenic mice provide a comprehensive resource for the
community, including information on the longitudinal
changes in almost 9000 proteins.

Hippocampal proteome remodeling during disease
progression in 5XFAD mice
Principal-component analysis (PCA) of the hippo-

campal proteomes obtained from 5XFAD and wild-type
mice showed clear separation of the samples, with two
significant effects being noted (Fig. 2a). First, the samples
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corresponding to the 5XFAD mouse groups after disease
onset (i.e., at 10 months) were separated from the wild-
type samples of the same age, indicating that protein
expression undergoes extensive remodeling during AD
pathogenesis. Second, the proteomes of the 10-month-old
mice of both genotypes were separated from those of the
corresponding 5-month-old mice (Fig. 2a). Pairwise
comparison analysis revealed 531 and 2216 DEPs (p < 0.05
and fold change > 1.5) between the wild-type and 5XFAD
mice at 5 and 10 months, respectively (Supplementary Fig.
S2a, b, and Supplementary Table S2 and S3). The levels of
the mutant forms of human APP and PSEN1 were
detected as positive controls. These proteins are known to
be overexpressed in 5XFAD mice5, and the results sup-
ported the accuracy of our quantitative analysis. The
volcano plots showed an age-dependent increase in DEPs
during the progression of amyloid pathology, which is
consistent with our previous study9.
A hallmark of AD pathology is the aggregation and

deposition of misfolded proteins, particularly aggregated
Aβ in the form of extracellular senile plaques. The
deposition of senile plaques has been linked to several risk
genes discovered in genome-wide association studies

(GWASs)24,25. Here, we tested the connection between
putative AD susceptibility genes and the hippocampal
proteome of 5XFAD mice. Our screen identified 98 sig-
nificantly altered proteins that were genetically linked to
late-onset AD (LOAD) (Supplementary Fig. S2c and
Supplementary Table S4). Various processes and path-
ways were implicated by the identified proteins. For
example, genes involved in the immune response (Abca7,
Clu, Mef2c, and Inpp5d) were highly upregulated in 10-
month-old 5XFAD mice, indicating that increasing
amounts of Aβ in the hippocampus are closely related to
the immune response. Genes implicated in lipid meta-
bolism (Apoe, Abca7, and Clu) were upregulated in 10-
month-old 5XFAD mice compared with wild-type mice,
supporting the idea that a high cholesterol level in midlife
can increase an individual’s risk of developing AD late in
life26. Two other identified proteins, Cd2ap and Picalm,
are involved in endocytosis, which is a critical process in
synaptic transmission and the response to neural damage.
These proteins are also involved in the trafficking of APP
between the plasma membrane and endosomes, which
plays a key role in AD pathogenesis27. Together, these
findings show that a large number of proteins genetically

Fig. 1 Hippocampal proteome analysis of 5XFAD transgenic model mice. a Graphical illustration of the workflow used for our quantitative
proteomic analysis. b A total of 9313 protein groups were identified in mouse hippocampal samples and mouse cell lines, 7732 of which were
quantified in the mouse hippocampal samples. A bar chart showing the numbers of proteins identified in hippocampal samples from each transgenic
and wild-type mouse. c Dynamic range of protein abundance, spanning seven orders of magnitude. The iBAQ intensities of each sample were used
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associated with AD are altered at the protein level in the
hippocampus of this AD-like mouse model.
To identify significant differences between the tested

genotypes and time points, we used ANOVA to examine

the complete dataset. We extracted 1411 proteins that
were significantly different between wild-type and trans-
genic mice at 5 and 10 months of age (Fig. 2b). Most of
these proteins were high- to intermediate-abundance

Fig. 2 Results of label-free quantification in 5XFAD mice. a Principal-component analysis. b The distribution of the total identified proteins and
differentially expressed proteins (DEPs, blue bar), as indicated by ANOVA with permutations based on an FDR < 0.05. c Pearson correlation of iBAQ
intensities across all samples
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proteins because it is more difficult for low-abundance
proteins to reach statistical significance in such an ana-
lysis. The high degree of quantitative accuracy offered by
our LFQ technique encouraged us to investigate pro-
teomic differences within and between AD-induced hip-
pocampal tissues or immortalized cell lines of mouse
brain origin. We examined the correlation between sam-
ples to determine whether simple unsupervised analysis
would enable us to select DEPs. Overall, the Pearson
correlation values between the cell lines and tissues ran-
ged from 0.4 to 0.6, whereas that between hippocampal
tissues was 0.97 on average. Unsupervised clustering of
the correlations between hippocampal tissue samples
showed age-dependent changes in protein abundance,
which is consistent with other studies of Alzheimer’s
disease animal model (Fig. 2c)8,28. We next examined the
canonical pathways related to the 1141 DEPs by per-
forming IPA database-anchored enrichment analysis for
diseases and functions. The cellular processes found to be
significantly activated in 5XFAD mice included processes
related to major hallmarks of AD such as neurodegen-
eration, cell death, and neuronal disorders. The cellular
processes that were inactivated in 5XFAD mice included
synaptic transmission, long-term potentiation, and neu-
ronal development (Supplementary Fig. S3a–c). Com-
parative analysis of canonical pathways was performed to
identify which canonical pathways were most significantly
regulated in the 5XFAD mice of each age and how they
changed with disease progression over time (Supple-
mentary Fig. S4). For instance, inactivation of the synaptic
long-term potentiation pathway was first observed in
transgenic mice at 10 months of age, indicating that this
alteration becomes significant in the late stage of the
disease. In contrast, epithelial adherens junction remo-
deling and Fcγ receptor-mediated phagocytosis by mac-
rophages were strongly activated at 5 months of age but
not at 10 months of age, indicating that these pathways
are early responsive pathways.

Hierarchical analysis of the 5XFAD hippocampus according
to the stages of the disease
To identify significant differences between the geno-

types and time points, we performed hierarchical clus-
tering analysis. A heatmap of the 1411 DEPs showed a
total of six clusters (Clusters 1–6) (Fig. 3a and Supple-
mentary Table S5). The DEPs of Clusters 3 and 5 were
altered by the aging of mice. rather than by disease-related
changes; those of Cluster 1 were specifically down-
regulated in 10-month-old 5XFAD mice; and those of
cluster 4 were upregulated in 5- and 10-month-old
5XFAD mice compared with their age-matched con-
trols. The last cluster (Cluster 4) contained human APP,
which was overexpressed in 5XFAD mice, along with
other proteins whose expression levels changed in

response to the amyloid pathology. The remaining sub-
groups, Clusters 2 and 6, showed upregulated patterns in
10-month-old 5XFAD mice compared with wild-type
mice, while no difference was observed between the
5-month-old groups. To further explore the cellular
processes and pathways represented by Clusters 1–6, we
performed enrichment analysis using the IPA database.
Fischer’s exact test was used to identify numerous cano-
nical pathways enriched among the DEPs (p < 0.05; Fig.
3b). This analysis revealed that several of the DEP clusters
were enriched for terms previously associated with AD.
Proteins of Clusters 1 and 6, which showed specific up-
and downregulation in 10-month-old 5XFAD mice, were
associated with processes and components related to
calcium signaling (p= 1.8E−3), long-term potentiation
(p= 0.8E−3), and the proteasome (p= 9.8E−3). These
findings are consistent with those of previous studies29–33.
Cluster 4, which contained the APP protein, a hallmark of
AD pathogenesis, was enriched for processes and com-
ponents known to be biologically important in AD,
including the lysosome (p= 2.7E−6), glycosaminoglycan
degradation (p= 1.1E−3), and the complement and coa-
gulation cascades (p= 6.5E−3) (Fig. 3b).

Network analysis of proteomic changes unique to 5XFAD
To explore the collective functions of the DEPs in the

aforementioned genotype- and age-responsive processes,
we reconstructed a network model to describe the inter-
actions among the DEPs. In this network modeling
(Fig. 4a), we focused on the 92 AD-associated DEPs that
were selected based on the IPA database (Supplementary
Fig. S5). The obtained network model showed that there
were alterations in pathways associated with the patho-
genesis of AD (beta-amyloid clearance, regulation of the
response to stimulus, glial cell differentiation, and reg-
ulation of apoptosis), suggesting that cellular responses to
the neurotoxic effects of Aβ accumulation are activated in
the 5XFAD mouse hippocampus. In addition, the network
model revealed alterations among various cell commu-
nication pathways (cell communication, localization,
regulation of cellular component organization, and
learning and memory), indicating that Aβ accumulation
alters inter- and intracellular communication during AD
progression. The collective alterations in the DEPs were
represented by 13 GOBPs, suggesting a close association
with the biological processes that take place in the
brains19,34 and plasma35 of patients with AD.
To validate the results of our network modeling strat-

egy, we performed western blot analysis in an indepen-
dent set of mouse hippocampus samples. The
overexpression of the human APP protein was verified in
the hippocampi of both 10- and 5-month-old 5XFAD
mice to confirm the genotype of each mouse. The
expression levels of S100b, GFAP, and STAT3 were
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increased in 5XFAD mice at both 5 and 10 months of age,
indicating that continuously produced Aβ induces acti-
vated glial inflammation and differentiation. The expres-
sion levels of CDK5 and GRM2 were decreased in 5- and
10-month-old 5XFAD mice compared to the controls,
providing a mechanistic basis for the synaptic dysfunction
and cognitive impairment seen in AD (Fig. 4b, c). To
investigate how the 5XFAD mouse model reflects the
molecular pathogenesis of human AD, we further per-
formed a comparative analysis of the sets of differentially
expressed proteins between healthy aged human brains
and the brains of AD patients, which were assembled
using a wide range of previous large-scale proteomic
studies19,36–39. Among almost 1000 proteins showing
altered expression associated with pathological and
functional decline, 477 were identified in our age-specific
expression group (Supplementary Fig. S6). In particular,
71 commonly observed proteins among the human pro-
teome data and the 5-month-old, and 10-month-old DEP
groups, such as GFAP, CLU, and APP, were deduced to

exhibit significant connections with the pathology of AD
(Supplementary Table S6)40. In addition, the other pro-
teins in the categories related to neurodegeneration may
play a significant role in future studies of AD. Together,
the findings generated from our network model suggest
that the alterations of the hippocampal proteome
observed in 5XFAD mice resemble those observed in
human AD patients.

The Aβ-responsive secretory protein network in the
hippocampus
Using the hierarchical cluster map of the hippocampal

proteome of 5XFAD mice organized by aging and the
disease, we set out to identify the proteins that had not
been extensively investigated in relation to AD but
showed potential to be useful serum biomarkers for AD.
We performed a bioinformatic analysis in which we
selected 1) proteins that tended to increase with the
accumulation of Aβ (i.e., those of Cluster 4) and 2)
proteins that were predicted to be secreted

Fig. 3 Identification of DEPs related to AD pathogenesis in the hippocampus of 5XFAD mice. a Hierarchical clustering of DEPs across the
different genotypes and ages (ANOVA, FDR < 0.05). The protein expression level is given as the Z-normalized protein abundance. The DEPs were
classified into Clusters 1–6. The color bar represents the gradient of Z-scores normalized protein abundances. b Canonical pathway enrichment
(p < 0.05) for each cluster was performed using Ingenuity Pathway Analysis (IPA)
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Fig. 4 Network analysis of proteins related to AD. a The network model describing the protein-protein interactions (PPIs) of 92 AD-related
proteins. Node colors represent an increase (red) or decrease (green) in 5-month-old 5XFAD mice (center) and 10-month-old 5XFAD mice (boundary)
compared to age-matched wild-type mice. The color bar represents the gradient of log2 protein ratios. The size of a circle represents -log10(P) value,
where P is the p-value. The edges represent PPIs obtained from the STRING database. b The AD-related proteins listed in Fig. 4a were examined by
western blotting of hippocampal samples from 5- and 10-month-old wild-type and 5XFAD mice. c Quantification of the data shown in Fig. 4b
(n= 3 per genotype for both ages; two-tailed unpaired t-test; **p < 0.01 and ***p < 0.001). The results are expressed as the mean ± SEM
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extracellularly and, thus, could act as biomarkers in
serum. Regarding the latter point, various proteins differ
in their levels of secretion into the cerebrospinal fluid
(CSF) or bloodstream as a disease progresses and, thus,
can reflect the progression of the disease41. Among the
152 proteins in Cluster 4, SignalP 4.0 software identified
36 as potential secretory proteins (Supplementary Table
S7). The network analysis based on protein-protein
interactions (PPIs) showed that the selected secretory
proteins included several proteins that are involved in
lysozyme pathways, the complement and coagulation
cascades, and the regulation of the actin cytoskeleton
and several well-known AD-associated proteins (APOE,
APP, and CLU) (Fig. 5a). Previous reports have sug-
gested that complement proteins are associated with AD
pathogenesis42,43. Complement proteins, such as C1q
and C3, are produced and secreted from microglia to
mark targets for phagocytosis44. When these comple-
ment proteins localize to the synaptic region, microglia
expressing complement receptors engulf synapses
through the complement pathway. In early AD brains,
the secreted complement protein C1q binds to Aβ at a
synapse by interacting with various synaptic proteins.
Phagocytic microglia easily eliminate these synaptic
elements, leading to early synaptic loss in AD45. In
addition to including several well-known complement
proteins, Cluster 4 contained the novel protein PROS1,
which is involved in the blood coagulation pathway but
has not been investigated in the hippocampus or in
association with AD pathogenesis. Here, we found that,
consistent with the other complement proteins, PROS1
was increased in the hippocampus of 5XFAD mice at
10 months of age and, thus, is likely to be closely
associated with amyloid pathology (Fig. 5b).

PROS1 is a novel Aβ-responsive protein in AD
No previous reports have proposed that a quantitative

change in the level of PROS1 could be a pathological
phenotype in the AD brain. Moreover, the biological
functions of PROS1 in the hippocampus and its possible
role(s) in AD pathogenesis are unknown. In the mouse
hippocampal proteome, since PROS1 appears to be pre-
sent at a low abundance, it has been difficult to detect
PROS1 in other hippocampal proteome databases (Sup-
plementary Fig. S7). Pros1 was recently identified as a
microglia-specific gene in the CNS46. It possesses a signal
peptide for conventional secretion, suggesting that its
cleaved form can be secreted to function in the extra-
cellular environment47. To investigate the biological
characteristics of PROS1, we first examined its mRNA
levels in different brain-relevant cell types. We found
differences in Pros1 mRNA transcript abundance in pri-
mary microglia and bEND3 cells (an endothelial cell line
that exhibits a much lower expression level compared to

primary microglia), while it was present but barely
detectable in primary hippocampal neurons and U373
cells (an astrocyte cell line) (Fig. 6a). To further confirm
the alteration of PROS1 secretion in response to Aβ,
different cell types were treated with Aβ monomers
(2 μM) for 24 h, and the amount of secreted PROS1 in
cell-conditioned media that had been precipitated by tri-
chloroacetic acid (TCA) to concentrate the proteins pre-
sent in the cell media was examined. Consistent with the
Pros1 mRNA data, PROS1 was secreted at the highest
level from primary microglia (Fig. 6b), and Aβ treatment
increased the secretion of PROS1 from primary microglia
but not the other tested cell types (Fig. 6c). To investigate
whether the transcription of Pros1 was regulated by Aβ,
the mRNA levels of Pros1 in primary microglia and
bEND3 cells treated with Aβ were examined by real-time
PCR. The transcription of Pros1 was not affected by Aβ in
either cell type, indicating that Aβ induces the secretion of
PROS1, not the production of PROS1, in microglia
(Supplementary Fig. S8).
To move beyond our in vitro observations, we used

immunohistochemistry to investigate the distribution of
PROS1 in the mouse hippocampus. We visualized
microglia by using 10-month-old wild-type or 5XFAD:
CX3CR1GFP/+ mice in which microglia and monocytes in
the brain specifically express GFP under the control of the
Cx3cr1 locus. We observed PROS1 inside microglia and in
the extracellular environment of the hippocampus (Fig.
6d). Consistent with the ability of Aβ to increase the
secretion of PROS1 from microglia in vitro, the amount of
PROS1 localized outside of microglia was increased in the
5XFAD:CX3CR1GFP/+ mouse hippocampus compared to
that of the corresponding wild-type:CX3CR1GFP/+ mice
(Fig. 6e). Since Aβ causes microgliosis as one of the
pathological characteristics of AD48, the area occupied by
microglia was increased in the 5XFAD:CX3CR1GFP/+

mouse hippocampus (Fig. 6f), indicating that the secretion
of PROS1 is closely related to microglial activation.
In the blood serum, PROS1 has been shown to function

as an opsonin to facilitate the phagocytosis of macrophages
following binding to phosphatidylserine on apoptotic cell
debris49. To verify the biological functions of PROS1 in AD
pathogenesis, we investigated the phagocytic ability of
microglia in the presence of Aβ or PROS1 in vitro. The role
of PROS1 in stimulating microglial phagocytosis was
examined by treating apoptotic cell debris expressing GFP
in primary microglia with Aβ (2 μM) or PROS1 (30 nM) for
24 h. We found that GFP-positive phagosomes were loca-
lized within the microglial cytoplasm (Fig. 6g), and treat-
ment with Aβ or PROS1 greatly increased the phagocytosis
of microglia (Fig. 6h). Taken together, the results indicated
that PROS1 secretion from microglia induced by Aβ
facilitates phagocytic activity to eliminate apoptotic cells in
the pathogenesis of AD.

Kim et al. Experimental & Molecular Medicine (2019) 51:136 Page 9 of 17

Official journal of the Korean Society for Biochemistry and Molecular Biology



Serum PROS1 reflects the progression of AD pathologies in
5XFAD mice and human AD patients
The abundance or activity of other complement pro-

teins (e.g., C3 and C5) measured directly in CSF or blood
serum samples has been reported to reflect disease pro-
gression as a biomarker of AD50–52. Thus, we hypothe-
sized that PROS1 in sera derived from hippocampi can
reflect AD pathogenesis and serves as a potential serum
biomarker of AD. To evaluate the effectiveness of serum
PROS1 levels as a serum biomarker for AD pathogenesis
in the brain, we examined serum PROS1 levels in 5XFAD
mice. The levels of serum PROS1 in 5XFAD mice were

significantly increased with age compared with those in
wild-type mice, indicating that severe AD pathogenesis in
the brain can be reflected by serum PROS1 levels (Fig. 7a
and Supplementary Fig. S9a). To investigate the tissue
origin of increased serum PROS1 levels, we first examined
PROS1 levels in the liver, in which most of the serum
PROS1 present is synthesized by hepatocytes53. There was
no significant difference between the 10- and 15-month-
old wild-type and 5XFAD mice, suggesting that the pro-
duction of serum PROS1 by the liver did not affect the
increase observed in 5XFAD mice (Supplementary
Fig. S9b, c). We depleted hippocampal microglia by

Fig. 5 Network analysis of secretory proteins showing that the complement and coagulation cascades are involved in AD. a A network
model built using the secretory proteins found in Cluster 4 of Fig. 3a. Many of the proteins were grouped into four biological pathways and
components: lysozyme, regulation of the actin cytoskeleton, Alzheimer’s disease, and complement and coagulation cascades. b Five proteins (PROS1,
C4b, C1qa, C1qb, and C1qc) belonging to the complement and coagulation cascades were assessed in 5- and 10-month-old wild-type and 5XFAD
mice. The normalized intensity of each protein is presented in the boxplots. The central rectangle represents the first and third quartiles; the central
line inside the box represents the mean; and the whiskers extend to the minimum and maximum values. Comparisons were performed via two-way
ANOVA. **p < 0.01, ***p < 0.001, and ****p < 0.0001
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Fig. 6 The characteristics of PROS1 in AD. a The mRNA levels of PROS1 in different cell types. b TCA precipitation followed by western blot analysis
confirmed that PROS1 is secreted from primary microglia in response to Aβ (2 μM, 24 h). c Quantification of secreted PROS1 (n= 4 biologically
independent samples; Student’s t-test). d Immunohistochemical analysis of PROS1 in 10-month-old wild-type: or 5XFAD:CX3CR1+/GFP mice.
Arrowheads indicate anti-PROS1 immunopositivity (red) within microglia. Scale bars represent 20 μm and 5 μm (in the high-magnification images).
e Quantification of the percentage of the area containing PROS1 in the hippocampus (n= 3; two-tailed unpaired t-test). f Quantification of the
percentage of area covered by microglia in the hippocampus (n= 3; two-tailed unpaired t-test). g Immunocytochemistry of microglial phagocytosis
accelerated by either Aβ (2 μM, 24 h) or PROS1 (30 nM, 24 h) in vitro. The scale bar represents 10 μm. h Quantification of the amount of apoptotic cell
debris engulfed by primary microglia (n= 4; one-way ANOVA). *p < 0.05, **p < 0.01, ****p < 0.0001. The results are expressed as the mean ± SEM
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injecting clodronate liposomes into 15-month-old mouse
hippocampi to investigate whether the alteration of serum
PROS1 levels derived from hippocampal microglia. The
administration of clodronate liposomes induced a
decrease in the number of hippocampal microglia begin-
ning 2 days after intrahippocampal injection (Supple-
mentary Fig. S10a). At 6 days after the injection of
clodronate liposomes, serum PROS1 levels were sig-
nificantly decreased in 5XFAD mice compared to 5XFAD

mice injected with control liposomes (Supplementary Fig.
S10b), indicating that the secretion of PROS1 from
microglia affects serum PROS1 levels, reflecting the
pathogenesis of AD.
Given that serum PROS1 levels reflect AD pathogenesis

in 5XFAD mice, we compared the abundance of PROS1 in
serum between cognitively normal (CN), mild cognitive
impairment (MCI), and AD dementia groups via western
blot analysis. The characteristics of the participants are

Fig. 7 Serum PROS1 correlates with AD pathologies in 5XFAD mice and human AD patients. a Serum PROS1 levels in 5-, 10-, and 15-month-
old wild-type and 5XFAD mice were measured by western blot analysis (n= 7 per genotype for 5- and 10-month-old and n= 7/6 for 15-month-old
wild-type and 5XFAD mice; Student’s t-test). b Differences in serum PROS1 levels between cognitively normal (CN) subjects and those with mild
cognitive impairment (MCI) and AD dementia (n= 67 for NC, n= 60 for MCI, and n= 68 for AD; one-way ANOVA). c, d Serum PROS1 levels correlate
with global PiB-PET (global amyloid retention) and the adjusted hippocampal volume area (Hva) in the total participants. e, f Serum PROS1 levels
correlate with global PiB-PET and hippocampal volume in PiB-PET (+) subjects (n= 94 for global PiB-PET and n= 81 for Hva). *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001. The results are expressed as the mean ± SEM
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described in Table 1 (n= 195; 67 CN, 60 MCI, 68 AD).
Indeed, the levels of PROS1 in the AD dementia group
were significantly higher than those in both the CN and
MCI groups (Fig. 7b). Furthermore, we conducted cor-
relation analyses between serum PROS1 levels and two
AD neuroimaging biomarkers: global amyloid retention
according to [11C] Pittsburgh compound B (PiB)-positron
emission tomography (PET) and the adjusted hippo-
campal volume (HVa) according to magnetic resonance
imaging. Among all subjects, serum PROS1 levels showed
significant correlations with both global amyloid retention
(global PiB-PET) and HVa (Fig. 7c and d). In addition,
these correlations were consistent in PiB (+) subjects who
possessed amyloid pathology in their brain (Fig. 7e, f). The
results suggest that the increase in serum PROS1 levels is
a potential blood biomarker for predicting in vivo AD
pathologies in the brain.

Discussion
With increasing advancements in proteomic technolo-

gies, the complex brain proteome can now be resolved
using mass spectrometry. Importantly, the quantitative
analysis of proteomic changes during disease progression
has the potential to reveal new candidate biomarkers and/
or therapeutic targets for neurodegenerative diseases54.
Recent studies of progressive neurodegenerative diseases
have focused on identifying alterations in the proteome of
disease-relevant subregions54. These studies have high-
lighted appropriate quantification strategies that allow
researchers to analyze thousands of proteins and answer
questions with a spatiotemporal dimension38,55. Many of
the disease-associated proteins identified in cells of the
CNS are mainly involved in membrane-associated pro-
cesses such as neurotransmitter-based signaling and cell-
to-cell communication and are often present at low
concentrations. Thus, in-depth proteomic analysis is

needed to sensitively investigate small quantitative chan-
ges in protein expression. With recent advances in
quantitative proteomic technologies, we now have a solid
platform for applying in-depth proteomic research to
neuroscience54. Label-free quantification (LFQ) has
benefited significantly from these advances, which have
increased the number of proteins that may be quantified
for a given time point and/or a limited amount of input
material36,55,56. In this study, we employed in-depth pro-
teome profiling with LFQ to characterize the hippocampal
proteomes of 5XFAD and wild-type mice at a depth of
9300 proteins. Temporal characterization of the hippo-
campal proteome during AD progression revealed
extensive alterations in brain regions vulnerable to AD.
Compared with a recently published proteomic resource
for the mouse brain55, we identified approximately 1500
additional genes (Supplementary Fig. S11a). Our work
therefore significantly expands our understanding of the
mouse hippocampal proteome. We also compared the
efficiency of protein identification with that reported in
other hippocampal proteomic studies of transgenic AD
mouse models, and the results suggested that our dataset
presents an extremely impressive depth of proteome
coverage (Supplementary Fig. S11b)8,9,57–60. To verify
whether the 5XFAD mouse model and age-matched
hippocampal proteome data could be applied to further
AD studies, we assessed the commonality between the
alterations of the proteome in the 5XFAD mouse model
and other AD transgenic mouse models, including hAPP
transgenic mice with the Swedish and Indiana mutations
in human APP and hAPP/PS1 transgenic mice with the
Swedish mutation in human APP and human PSEN1
deltaE98. Interestingly, the comparative analysis indicated
that our DEPs were largely different from those of other
AD mouse models despite comparison under conditions
involving the same region and similar time points

Table 1 Demographic characteristics of participants

Total, n= 195

Demographics (n) CN (67) MCI (60) AD (68) P-value

Gender, M/F, n 35/32 20/40 22/46

Age, years, mean ± SEM 68.6 ± 1.0 73.88 ± 0.9 72.72 ± 0.9 <0.001a

Education, mean ± SEM 11.43 ± 0.6 9.78 ± 0.6 10.25 ± 0.7 0.16a

MMSE raw score, mean ± SEM 26.72 ± 0.3 22.8 ± 0.4 16.57 ± 0.5 <0.0001a

MMSE z-score, mean ± SEM 0.22 ± 0.1 −1.03 ± 0.1 −3.31 ± 0.2 <0.0001a

ApoE4 positivity, ε4+/ε4− 10/57 17/43 40/28 <0.0001b

Data were presented as mean ± SEM or n
CN cognitively normal, MCI mild cognitive impairment, AD Alzheimer’s disease, MMSE z-score, mini-mental state examination with the correction for age, sex, and
education level; ApoE, Apolipoprotein ε4
aP, p-values from ANOVA with Tukey’s post-hoc test
bP, p-values from chi-square test
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(Supplementary Fig. S11c). Although proteins that are
known to be strongly associated with AD phenotypes such
as App, Apoe, and Gfap were commonly altered proteins
in the hippocampi in all AD transgenic models, most of
our DEPs did not overlap with those identified in other
AD transgenic mouse models (Supplementary Fig. S11c).
This difference between the models is consistent with
other proteomic studies using AD transgenic mouse
models8,9, which may be caused by differences in the
promoters used for transgene expression, the degree of
AD pathology or genetic background, or the methods
applied61.
To comprehensively understand the complex patho-

genesis of AD, we need a systematic approach for inves-
tigating proteomic changes in the brain. Here, we sought
to investigate the molecular mechanisms of AD patho-
genesis by characterizing the abnormal alterations of the
brain proteome in the selected AD model mouse. First, we
analyzed the molecular characteristics of the hippocampal
proteome of wild-type and AD model mice. The pro-
teome of 5-month-old 5XFAD mice, which were affected
by early amyloid pathology, did not differ significantly
from that of the age-matched normal group. However, at
10 months of age, which represents the late stage of the
disease, the hippocampal proteome of 5XFAD mice dif-
fered considerably from those of the age-matched normal
group and the 5-month-old group. This finding indicates
that severe amyloid pathology can drive proteomic
changes or vice versa. The hippocampal proteomes of
5XFAD mice affected by progressive amyloid pathology
were organized by hierarchical clustering, and the biolo-
gical pathways belonging to each cluster were examined
in an effort to explore the association between proteomic
changes and AD pathogenesis. Cluster 1, which contained
proteins that were downregulated under severe amyloid
pathology (in 10-month-old 5XFAD mice), was enriched
for proteins related to the regulation of the actin cytos-
keleton, calcium signaling, Fc gamma R-mediated pha-
gocytosis, long-term potentiation, and long-term
depression. These findings agree with previous reports
that Aβ disrupts calcium homeostasis in neurons and
results in functional disruption of their networks32,62,63.
Cluster 4, which contained proteins whose expression

levels increased with disease progression but were not
altered by age in wild-type mice, was considered to
represent the Aβ-responsive proteome. The upregulation
of proteins in the Aβ-responsive proteome correlated with
the increase in Aβ in the hippocampus. Therefore, it may
reflect some of the underlying molecular mechanisms of
AD pathogenesis and suggest potential biomarkers that
could be used to monitor disease progression. This cluster
included proteins involved in the lysosomal pathway, the
complement system, and the coagulation cascade. Since
Aβ is continuously produced and accumulated in the AD

brain, the proteolytic systems of neurons and glial cells are
activated to remove intra- and extracellular protein
aggregates. However, Aβ impairs the proteolytic system,
and the autolysosomal system is activated as a compen-
satory mechanism64,65. The complement proteins mod-
ulate microglial phagocytosis for synaptic pruning and
promote the clearance of apoptotic cells from the
brain66,67. The process of complement-mediated micro-
glial phagocytosis appears to be closely related to AD
pathogenesis68. The complement factors C1q and C3 are
produced in and released from microglia; they attach to
Aβ bound to synapses and target those synapses for
elimination, resulting in early synaptic loss in AD mouse
models45. Our results therefore identify a series of pro-
cesses ranging from phagocytosis to proteolytic degrada-
tion, which may be involved in the pathogenesis of AD.
In an effort to identify a potential new serum biomarker

that could be used to identify and/or monitor AD
pathogenesis in the brain, we investigated the secretory
proteins belonging to the Aβ-responsive proteome. This
group included proteins involved in the lysozyme, com-
plement, and coagulation pathways. In addition to com-
plement proteins, we identified PROS1 as a novel target
protein that is also involved in the coagulation pathway
whose expression levels increase with disease progression.
This is the first report that PROS1 is associated with the
pathology of AD. PROS1 is fairly well established as an
anticoagulant plasma protein that is required for the
function of activated protein C (aPC), which results in
degradation of the coagulant factors FVa and FV IIIa69,70.
Unlike the complement proteins, another property of
PROS1 is its attachment to negatively charged phospho-
lipids. During apoptosis, cells can no longer control the
distribution of phospholipids, causing negatively charged
phospholipids (e.g., phosphatidylserine) to be redis-
tributed to the outer surface of the cell membrane71,72.
PROS1 attaches to the outer membrane of an apoptotic
cell and signals for phagocytes to remove the dying cell73.
PROS1 is recognized by the TAM family receptors (e.g.,
Tyro3, Axl, and Mertk) on the plasma membrane of
phagocytes engulfing apoptotic cells74. Recently, it has
been reported that PROS1 and the TAM family receptors
are highly expressed in adult microglia, suggesting that
PROS1 released from microglia can trigger both microglia
and astrocytes expressing TAM family receptors to per-
form phagocytosis via the TAM systems46,75,76. Thus, we
considered it possible that increases in complement pro-
teins and PROS1 in 5XFAD mice represent distinct
pathways of AD pathogenesis. Since the increase in
PROS1 identified in our data indicated that apoptosis-
associated pathways are upregulated in the hippocampus
of 5XFAD mice and that the neuronal apoptotic pathway
is more suitable for our hypothesis, PROS1 was the focus
of further study.
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Here, we report that Aβ induces primary microglia to
secrete PROS1 in vitro. However, the same effect was not
observed in the mouse endothelial cell line bEND3, which
also expresses PROS1. In the mouse hippocampus in vivo,
the amount of PROS1 secreted outside of microglia was
increased in the hippocampus of 5XFAD mice. In addi-
tion, we investigated the possible role of PROS1 in AD
pathogenesis, which stimulates microglia to engulf apop-
totic cell debris in vitro. Our results suggest that Aβ
induces excessive activation of microglia, which triggers
the release of PROS1 and the subsequent phagocytosis
that characterizes the pathogenesis of AD.
Proteins belonging to the complement cascade have

been implicated not only in AD pathogenesis but also as
potential blood biomarkers for AD52,77,78. Accordingly, we
examined whether serum PROS1 levels differed between
the cognitively normal, MCI, and AD dementia groups.
Consistent with the results obtained in 5XFAD model
mice, the levels of serum PROS1 were significantly
increased in the AD dementia group. Moreover, two
neuroimaging biomarkers, global amyloid retention and
hippocampal volume area, were highly correlated with
serum PROS1 levels in both the AD dementia group and
PiB-PET(+) subjects, indicating that both amyloid
pathology and hippocampal atrophy due to neuronal
death could be represented by serum PROS1 levels. Since
PROS1 is expressed at a relatively low abundance in the
hippocampus, in-depth proteomic analysis was required
to reveal its existence in this tissue and its alteration
under AD. Going forward, it will be useful to identify
additional low-abundance brain proteins that exhibit
important biological functions and have implications for
disease research.
In summary, we revealed biological pathways that are

altered in the hippocampus of the 5XFAD mouse model
during disease progression. The changes in the hippo-
campal proteome are relevant to the alterations observed
in the human AD brain, indicating that our data recapi-
tulate the pathology of human AD. We identified the
Aβ-responsive proteome comprising proteins that are
progressively regulated by Aβ. Increases in proteins of the
complement system and lysosome pathway coincide with
continuous production of Aβ in the hippocampus, indi-
cating that Aβ causes microglial activation and aberrant
complement-driven phagocytosis, with subsequent upre-
gulation of the degradation system as the disease pro-
gresses. Within the Aβ-responsive proteome, we
examined secretory proteins as potential blood bio-
markers for predicting AD pathogenesis in the brain. We
showed that the PROS1 protein, which is involved in the
complement and coagulation pathways, is increased in the
hippocampi and sera of 5XFAD model mice and humans
with AD. In addition, since serum PROS1 levels are

correlated with AD neuroimaging markers, PROS1 serves
as a novel serum biomarker for AD. Together, our find-
ings emphasize that in-depth proteomic analysis is useful
for pathological analysis and the elucidation of novel
target proteins expressed at low abundance in a specific
brain tissue.

Acknowledgements
The MS proteomics data presented in this paper have been deposited in the
ProteomeXchange Consortium (http://proteomecentral.proteomexchange.
org) via the PRIDE partner repository under dataset identifier PXD012238. This
work was supported by funds from the Industrial Strategic Technology
Development Program (#2000134) and the Collaborative Genome Program for
Fostering New Post-Genome Industry (NRF-2017M3C9A5031597) granted to
YS Kim, grants from the NRF funded by the Korean government (MSIP) (Nos.
2018R1A2A1A19019062, 2015M3C7A1028790, and 2018R1A5A2025964) to
I.M-J., and grants from the NRF funded by the Korean government (MSIP)
(No. 2014M3C7A1046042) to D.Y.L.

Author details
1Department of Biomedical Sciences, Seoul National University, College of
Medicine, Seoul, Korea. 2Proteomics Core Facility, Transdisciplinary Research
and Collaboration, Biomedical Research Institute, Seoul National University
Hospital, Seoul, Korea. 3Interdisciplinary Program for Bioengineering, Seoul
National University, College of Engineering, Seoul, Korea. 4Interdisciplinary
Graduate Program in Genetic Engineering, Seoul National University, Seoul,
Korea. 5LG Chem Life Science R&D Campus, Drug Discovery Center, Seoul,
Korea. 6Institute of Human Behavioral Medicine, Medical Research Center,
Seoul National University, Seoul, Korea. 7Department of Psychiatry, Seoul
National University College of Medicine, Seoul, Republic of Korea. 8Department
of Neuropsychiatry, Seoul National University Hospital, Seoul, Korea

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information accompanies this paper at https://doi.org/
10.1038/s12276-019-0326-z.

Received: 2 January 2019 Revised: 20 June 2019 Accepted: 24 July 2019.
Published online: 15 November 2019

References
1. Querfurth, H. W. & LaFerla, F. M. Alzheimer’s disease. N. Engl. J. Med. 362,

329–344 (2010).
2. Morrison, J. H. & Hof, P. R. Selective vulnerability of corticocortical and hip-

pocampal circuits in aging and Alzheimer’s disease. Prog. Brain Res. 136,
467–486 (2002).

3. Selkoe, D. J. & Hardy, J. The amyloid hypothesis of Alzheimer’s disease at 25
years. EMBO Mol. Med. 8, 595–608 (2016).

4. Karran, E., Mercken, M. & De Strooper, B. The amyloid cascade hypothesis for
Alzheimer’s disease: an appraisal for the development of therapeutics. Nat.
Rev. Drug Disco. 10, 698–712 (2011).

5. Oakley, H. et al. Intraneuronal beta-amyloid aggregates, neurodegeneration,
and neuron loss in transgenic mice with five familial Alzheimer’s disease
mutations: potential factors in amyloid plaque formation. J. Neurosci. 26,
10129–10140 (2006).

6. Aebersold, R. & Mann, M. Mass-spectrometric exploration of proteome
structure and function. Nature 537, 347–355 (2016).

7. Hosp, F. et al. Spatiotemporal proteomic profiling of Huntington’s disease
inclusions reveals widespread loss of protein function. Cell Rep. 21, 2291–2303
(2017).

Kim et al. Experimental & Molecular Medicine (2019) 51:136 Page 15 of 17

Official journal of the Korean Society for Biochemistry and Molecular Biology

http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org
https://doi.org/10.1038/s12276-019-0326-z
https://doi.org/10.1038/s12276-019-0326-z


8. Savas, J. N. et al. Amyloid accumulation drives proteome-wide alterations in
mouse models of Alzheimer’s disease-like pathology. Cell Rep. 21, 2614–2627
(2017).

9. Kim, D. K. et al. Molecular and functional signatures in a novel Alzheimer’s
disease mouse model assessed by quantitative proteomics. Mol. Neurode-
gener. 13, 2 (2018).

10. Li, Z. et al. Systematic comparison of label-free, metabolic labeling, and iso-
baric chemical labeling for quantitative proteomics on LTQ Orbitrap Velos. J.
Proteome Res. 11, 1582–1590 (2012).

11. Ting, L., Rad, R., Gygi, S. P. & Haas, W. MS3 eliminates ratio distortion in isobaric
multiplexed quantitative proteomics. Nat. Methods 8, 937–940 (2011).

12. Wenger, C. D. et al. Gas-phase purification enables accurate, multiplexed
proteome quantification with isobaric tagging. Nat. Methods 8, 933–935
(2011).

13. Savitski, M. M. et al. Measuring and managing ratio compression for accurate
iTRAQ/TMT quantification. J. Proteome Res 12, 3586–3598 (2013).

14. Cox, J. et al. Accurate proteome-wide label-free quantification by delayed
normalization and maximal peptide ratio extraction, termed MaxLFQ. Mol. Cell
Proteom. 13, 2513–2526 (2014).

15. Tyanova, S., Temu, T. & Cox, J. The MaxQuant computational platform for
mass spectrometry-based shotgun proteomics. Nat. Protoc. 11, 2301–2319
(2016).

16. Patel, V. J. et al. A comparison of labeling and label-free mass spectrometry-
based proteomics approaches. J. Proteome Res 8, 3752–3759 (2009).

17. Fu, Y. et al. Proteomic analysis of protein expression throughout disease
progression in a mouse model of Alzheimer’s disease. J. Alzheimers Dis. 47,
915–926 (2015).

18. Do Carmo, S. et al. Hippocampal proteomic analysis reveals distinct pathway
deregulation profiles at early and late stages in a rat model of Alzheimer’s-like
amyloid pathology. Mol. Neurobiol. 55, 3451–3476 (2018).

19. Musunuri, S. et al. Quantification of the brain proteome in Alzheimer’s disease
using multiplexed mass spectrometry. J. Proteome Res 13, 2056–2068 (2014).

20. Woo, J. et al. Quantitative proteomics reveals temporal proteomic changes in
signaling pathways during BV2 mouse microglial cell activation. J. Proteome
Res. 16, 3419–3432 (2017).

21. Lian, H., Roy, E. & Zheng, H. Protocol for primary microglial culture preparation.
Bio Protoc 6 (2016).

22. Jung, S. et al. Analysis of fractalkine receptor CX(3)CR1 function by targeted
deletion and green fluorescent protein reporter gene insertion. Mol. Cell Biol.
20, 4106–4114 (2000).

23. Han, D., Jin, J., Woo, J., Min, H. & Kim, Y. Proteomic analysis of mouse astrocytes
and their secretome by a combination of FASP and StageTip-based, high pH,
reversed-phase fractionation. Proteomics 14, 1604–1609 (2014).

24. Giri, M., Zhang, M. & Lu, Y. Genes associated with Alzheimer’s disease: an
overview and current status. Clin. Inter. Aging 11, 665–681 (2016).

25. Van Cauwenberghe, C., Van Broeckhoven, C. & Sleegers, K. The genetic
landscape of Alzheimer disease: clinical implications and perspectives. Genet
Med 18, 421–430 (2016).

26. Solomon, A., Kivipelto, M., Wolozin, B., Zhou, J. & Whitmer, R. A. Midlife serum
cholesterol and increased risk of Alzheimer’s and vascular dementia three
decades later. Dement Geriatr. Cogn. Disord. 28, 75–80 (2009).

27. Thinakaran, G. & Koo, E. H. Amyloid precursor protein trafficking, processing,
and function. J. Biol. Chem. 283, 29615–29619 (2008).

28. Groh, N. et al. Age-dependent protein aggregation initiates amyloid-beta
aggregation. Front. Aging Neurosci. 9, 138 (2017).

29. Berridge, M. J. Calcium signalling and Alzheimer’s disease. Neurochem Res. 36,
1149–1156 (2011).

30. Chen, Q. S., Kagan, B. L., Hirakura, Y. & Xie, C. W. Impairment of hippocampal
long-term potentiation by Alzheimer amyloid beta-peptides. J. Neurosci. Res.
60, 65–72 (2000).

31. Hong, L., Huang, H. C. & Jiang, Z. F. Relationship between amyloid-beta and
the ubiquitin-proteasome system in Alzheimer’s disease. Neurol. Res. 36,
276–282 (2014).

32. Demuro, A., Parker, I. & Stutzmann, G. E. Calcium signaling and amyloid toxicity
in Alzheimer disease. J. Biol. Chem. 285, 12463–12468 (2010).

33. Riederer, B. M., Leuba, G., Vernay, A. & Riederer, I. M. The role of the ubiquitin
proteasome system in Alzheimer’s disease. Exp. Biol. Med (Maywood) 236,
268–276 (2011).

34. Zhang, Q. et al. Integrated proteomics and network analysis identifies protein
hubs and network alterations in Alzheimer’s disease. Acta Neuropathol. Com-
mun. 6, 19 (2018).

35. Jaeger, P. A. et al. Network-driven plasma proteomics expose molecular
changes in the Alzheimer’s brain. Mol. Neurodegener. 11, 31 (2016).

36. Seyfried, N. T. et al. A multi-network approach identifies protein-specific co-
expression in asymptomatic and symptomatic Alzheimer’s disease. Cell Syst. 4,
60–72 (2017). e64.

37. Begcevic, I. et al. Semiquantitative proteomic analysis of human hippocampal
tissues from Alzheimer’s disease and age-matched control brains. Clin. Pro-
teom. 10, 5 (2013).

38. Hondius, D. C. et al. Profiling the human hippocampal proteome at all
pathologic stages of Alzheimer’s disease. Alzheimers Dement 12, 654–668
(2016).

39. Andreev, V. P. et al. Label-free quantitative LC-MS proteomics of Alzheimer’s
disease and normally aged human brains. J. Proteome Res 11, 3053–3067
(2012).

40. Bertram, L., McQueen, M. B., Mullin, K., Blacker, D. & Tanzi, R. E. Systematic meta-
analyses of Alzheimer disease genetic association studies: the AlzGene data-
base. Nat. Genet 39, 17–23 (2007).

41. Prassas, I., Chrystoja, C. C., Makawita, S. & Diamandis, E. P. Bioinformatic iden-
tification of proteins with tissue-specific expression for biomarker discovery.
BMC Med. 10, 39 (2012).

42. Shen, Y., Yang, L. & Li, R. What does complement do in Alzheimer’s disease?
Old molecules with new insights. Transl. Neurodegener. 2, 21 (2013).

43. Morgan, B. P. Complement in the pathogenesis of Alzheimer’s disease. Semin
Immunopathol. 40, 113–124 (2018).

44. Crehan, H., Hardy, J. & Pocock, J. Microglia, Alzheimer’s disease, and comple-
ment. Int J. Alzheimers Dis. 2012, 983640 (2012).

45. Hong, S. et al. Complement and microglia mediate early synapse loss in
Alzheimer mouse models. Science 352, 712–716 (2016).

46. Butovsky, O. et al. Identification of a unique TGF-beta-dependent molecular
and functional signature in microglia. Nat. Neurosci. 17, 131–143 (2014).

47. Pilli, V. S., Plautz, W. & Majumder, R. The journey of protein S from an antic-
oagulant to a signaling molecule. JSM Biochem. Mol. Biol. 3(2016).

48. Sarlus, H. & Heneka, M. T. Microglia in Alzheimer’s disease. J. Clin. Invest 127,
3240–3249 (2017).

49. Anderson, H. A. et al. Serum-derived protein S binds to phosphatidylserine and
stimulates the phagocytosis of apoptotic cells. Nat. Immunol. 4, 87–91 (2003).

50. Hu, W. T. et al. CSF complement 3 and factor H are staging biomarkers in
Alzheimer’s disease. Acta Neuropathol. Commun. 4, 14 (2016).

51. Muenchhoff, J. et al. Changes in the plasma proteome at asymptomatic and
symptomatic stages of autosomal dominant Alzheimer’s disease. Sci. Rep. 6,
29078 (2016).

52. Thambisetty, M. et al. Plasma biomarkers of brain atrophy in Alzheimer’s
disease. PLoS One 6, e28527 (2011).

53. Fair, D. S. & Marlar, R. A. Biosynthesis and secretion of factor VII, protein C,
protein S, and the Protein C inhibitor from a human hepatoma cell line. Blood
67, 64–70 (1986).

54. Hosp, F. & Mann, M. A primer on concepts and applications of proteomics in
neuroscience. Neuron 96, 558–571 (2017).

55. Sharma, K. et al. Cell type- and brain region-resolved mouse brain proteome.
Nat. Neurosci. 18, 1819–1831 (2015).

56. Bekker-Jensen, D. B. et al. An optimized shotgun strategy for the rapid gen-
eration of comprehensive human proteomes. Cell Syst. 4, 587–599 (2017).
e584.

57. Neuner, S. M., Wilmott, L. A., Hoffmann, B. R., Mozhui, K. & Kaczorowski, C. C.
Hippocampal proteomics defines pathways associated with memory decline
and resilience in normal aging and Alzheimer’s disease mouse models. Behav.
Brain Res 322, 288–298 (2017).

58. Kempf, S. J. et al. An integrated proteomics approach shows synaptic plasticity
changes in an APP/PS1 Alzheimer’s mouse model. Oncotarget 7, 33627–33648
(2016).

59. Llavero Hurtado, M. et al. Proteomic mapping of differentially vulnerable pre-
synaptic populations identifies regulators of neuronal stability in vivo. Sci. Rep.
7, 12412 (2017).

60. Hong, I. et al. Quantitative proteomic analysis of the hippocampus in the
5XFAD mouse model at early stages of Alzheimer’s disease pathology. J.
Alzheimers Dis. 36, 321–334 (2013).

61. Jankowsky, J. L. & Zheng, H. Practical considerations for choosing a mouse
model of Alzheimer’s disease. Mol. Neurodegener. 12, 89 (2017).

62. Kuchibhotla, K. V. et al. Abeta plaques lead to aberrant regulation of calcium
homeostasis in vivo resulting in structural and functional disruption of neu-
ronal networks. Neuron 59, 214–225 (2008).

Kim et al. Experimental & Molecular Medicine (2019) 51:136 Page 16 of 17

Official journal of the Korean Society for Biochemistry and Molecular Biology



63. Ferreira, I. L. et al. Amyloid beta peptide 1-42 disturbs intracellular calcium
homeostasis through activation of GluN2B-containing N-methyl-d-aspartate
receptors in cortical cultures. Cell Calcium 51, 95–106 (2012).

64. Nixon, R. A. The role of autophagy in neurodegenerative disease. Nat. Med. 19,
983–997 (2013).

65. Zhang, Y., Chen, X., Zhao, Y., Ponnusamy, M. & Liu, Y. The role of ubiquitin
proteasomal system and autophagy-lysosome pathway in Alzheimer’s disease.
Rev. Neurosci. 28, 861–868 (2017).

66. Fraser, D. A., Pisalyaput, K. & Tenner, A. J. C1q enhances microglial clearance of
apoptotic neurons and neuronal blebs, and modulates subsequent inflam-
matory cytokine production. J. Neurochem. 112, 733–743 (2010).

67. Tremblay, M. E. et al. The role of microglia in the healthy brain. J. Neurosci. 31,
16064–16069 (2011).

68. Crehan, H. et al. Complement receptor 1 (CR1) and Alzheimer’s disease.
Immunobiology 217, 244–250 (2012).

69. Garcia de Frutos, P., Fuentes-Prior, P., Hurtado, B. & Sala, N. Molecular basis of
protein S deficiency. Thromb. Haemost. 98, 543–556 (2007).

70. Castoldi, E. & Hackeng, T. M. Regulation of coagulation by protein S. Curr. Opin.
Hematol. 15, 529–536 (2008).

71. Segawa, K. et al. Caspase-mediated cleavage of phospholipid flippase for
apoptotic phosphatidylserine exposure. Science 344, 1164–1168 (2014).

72. Segawa, K. & Nagata, S. An apoptotic ‘Eat Me’ signal: phosphatidylserine
exposure. Trends Cell Biol. 25, 639–650 (2015).

73. van der Meer, J. H., van der Poll, T. & van ‘t Veer, C. TAM receptors, Gas6,
and protein S: roles in inflammation and hemostasis. Blood 123,
2460–2469 (2014).

74. Davra, V., Kimani, S. G., Calianese, D. & Birge, R. B. Ligand activation of TAM
family receptors-implications for tumor biology and therapeutic response.
Cancers (Basel) 8 (2016).

75. Chung, W. S. et al. Astrocytes mediate synapse elimination through MEGF10
and MERTK pathways. Nature 504, 394–400 (2013).

76. Lemke, G. Phosphatidylserine is the signal for TAM receptors and their ligands.
Trends Biochem. Sci. 42, 738–748 (2017).

77. Hakobyan, S. et al. Complement biomarkers as predictors of disease pro-
gression in Alzheimer’s disease. J. Alzheimers Dis. 54, 707–716 (2016).

78. Aiyaz, M., Lupton, M. K., Proitsi, P., Powell, J. F. & Lovestone, S. Complement
activation as a biomarker for Alzheimer’s disease. Immunobiology 217,
204–215 (2012).

Kim et al. Experimental & Molecular Medicine (2019) 51:136 Page 17 of 17

Official journal of the Korean Society for Biochemistry and Molecular Biology


	Deep proteome profiling of the hippocampus in�the 5XFAD mouse model reveals biological process alterations and a novel biomarker of�Alzheimer&#x02019;s disease
	Introduction
	Materials and methods
	Cell culture
	Culture of primary microglia
	Transgenic mice
	Other methods

	Results
	Deep hippocampal proteomic analysis of 5XFAD mice
	Hippocampal proteome remodeling during disease progression in 5XFAD mice
	Hierarchical analysis of the 5XFAD hippocampus according to the stages of the disease
	Network analysis of proteomic changes unique to 5XFAD
	The A&#x003B2;nobreak-nobreakresponsive secretory protein network in the hippocampus
	PROS1 is a novel A&#x003B2;nobreak-nobreakresponsive protein in AD
	Serum PROS1 reflects the progression of AD pathologies in 5XFAD mice and human AD patients

	Discussion
	ACKNOWLEDGMENTS




