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Transcriptomics has become an important tool for identification of biological pathways dysregulated in
Alzheimer's disease (AD). We performed a network-based gene expression analysis of blood-based micro-
array gene expression profiles using 2 independent cohorts, Alzheimer's Disease Neuroimaging Initiative
(ADNI; N¼ 661) and AddNeuroMed (N¼ 674). Weighted gene coexpression network analysis identified 17
modules from ADNI and 13 from AddNeuroMed. Four of the modules derived in ADNI were significantly
related to AD; 5modules in AddNeuroMedwere significant. Gene-set enrichment analysis of the AD-related
modules identified and replicated 3 biological pathways including the Fc gamma receptoremediated
phagocytosis pathway. Module-based association analysis showed the AD-related module, which has the
3 pathways, to be associatedwith cognitive function and neuroimaging biomarkers. Gene-based association
analysis identified PRKCD in the Fc gamma receptoremediated phagocytosis pathway as being significantly
associated with cognitive function and cerebrospinal fluid biomarkers. The identification of the Fc gamma
receptoremediated phagocytosis pathway implicates the peripheral innate immune system in the patho-
physiology of AD. PRKCD is known to be related to neurodegeneration induced by amyloid-b.
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1. Introduction

Alzheimer's disease (AD) is the most common form of dementia
(Alzheimer’s Association, 2018). Although AD is classically viewed
primarily as a neurodegenerative central nervous system disease,
many systemic manifestations suggest that AD is a multifactorial
disease that affects both the brain and periphery (Morris et al.,
2014). The systemic manifestations generally parallel the progres-
sive functional decline associated with neurodegeneration (Morris
et al., 2014). However, some systemic manifestations are also
observable before the presence of clinical symptoms in AD (Vidoni
et al., 2011).

Because blood interacts with every organ in the body, including
the brain, blood-based profiles may provide an accessible and
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effective tool for assessing the complex interplay between the brain
and the periphery in the pathogenesis of AD (Mohr and Liew, 2007).
Among blood-based biomarkers, the transcriptome uniquely re-
flects both fixed genetic effects and dynamic environmental effects
(Gladkevich et al., 2004; Tylee et al., 2013). There have been several
studies investigating blood transcriptomic profiles in AD, which
reported biological pathways including stress and immune re-
sponses (Bai et al., 2014; Booij et al., 2011; Chen et al., 2011;
Fehlbaum-Beurdeley et al., 2012; Han et al., 2013; Kálmán et al.,
2005; Lunnon et al., 2013, 2012; Maes et al., 2007; Naughton et al.,
2015; Roed et al., 2013; Rye et al., 2011). However, many of the
studies analyzed only a small number of samples, and their findings
were not replicated in independent cohorts. Furthermore, most of
the aforementioned studies evaluated differential expressions only
at the level of individual genes. Because genes with similar function
tend to have correlated expression (Eisen et al., 1998), network-
based approaches can better elucidate the molecular mechanisms
underlying complex brain disorders (Dragomir et al., 2018).

In this study, using 2 independent cohorts, we performed
blood-based gene coexpression network analysis to identify AD-
related modules. We then performed pathway-based enrichment
analysis to determine biological functions characteristic of these
AD-related modules and association analysis of the AD-related
modules and genes belonging to the biological pathways with
fluid and neuroimaging biomarkers for AD. For fluid biomarkers
for AD, we used the concentration of amyloid-b42 (Ab42), phos-
phorylated tau181p (p-tau), and total tau (t-tau) in cerebrospinal
fluid (CSF) (Kang et al., 2015). For neuroimaging biomarkers for
AD, we used a global cortical measure of amyloid burden
measured from [18F] florbetapir PET scans (Ramanan et al., 2014)
and hippocampal volume measured from MRI scans (Potkin et al.,
2009). Genetic data were also used for gene-based association
analysis and expression quantitative trait locus (eQTL) analysis
(Rockman and Kruglyak, 2006).

2. Material and methods

2.1. Participants

Data used in the study were obtained from the Alzheimer's
Disease Neuroimaging Initiative (ADNI) and AddNeuroMed cohorts
as discovery and replication samples, respectively. The ADNI was
launched in 2003 as a public-private partnership, led by principal
investigator Michael W. Weiner, MD. The primary goal of ADNI has
been to test whether serial MRI, PET, other biological markers, and
clinical and neuropsychological assessment can be combined to
accurately capture the progression of mild cognitive impairment
(MCI) and early AD. The AddNeuroMed is a cross-European, public/
private consortium developed for AD biomarker discovery
(Lovestone et al., 2009). The diagnosis of AD was made clinically
using National Institute of Neurological and Communicative Dis-
orders and Stroke and the Alzheimer's Disease and Related Disor-
ders Association criteria for probable AD (McKhann et al., 1984). The
diagnosis of MCI was made according to the presence of objective
memory impairment but withoutmeeting the criteria for dementia.
Written informed consent was obtained at the time of enrollment
and included permission for analysis and data sharing. The protocol
and informed consent forms were approved by each participating
sites' institutional review board.

2.2. Genotyping and imputation

Genotyping for ADNI and AddNeuroMed was performed using
blood genomic DNA samples and Illumina GWAS array platforms
(Illumina Human610-Quad BeadChip, Illumina Human-
OmniExpress BeadChip, and Illumina HumanOmni 2.5M BeadChip)
(Furney et al., 2011; Saykin et al., 2015). APOE genotyping was
separately conducted using standard methods as described previ-
ously to yield the APOE ε4 allele defining single-nucleotide poly-
morphisms (SNPs) (rs429358, rs7412) (Furney et al., 2011; Saykin
et al., 2015). Using PLINK 1.9 (www.cog-genomics.org/plink2/)
(Purcell et al., 2007), we performed standard quality control (QC)
procedures for samples and SNPs as described previously (Lee et al.,
2018): (1) for SNP, SNP call rate< 95%, Hardy-Weinberg p-value
< 1�10�6, and minor allele frequency< 1%; (2) for sample, sex
inconsistencies and sample call rate< 95%. Furthermore, to prevent
spurious association due to population stratification, we selected
only non-Hispanic participants of European ancestry, which clus-
tered with HapMap CEU (Utah residents with Northern and West-
ern European ancestry from the CEPH collection) or Toscani in Italia
populations using multidimensional scaling analysis (Price et al.,
2006; Thorisson et al., 2005). After QC procedures, as ADNI and
AddNeuroMed used different genotyping platforms, we imputed
ungenotyped SNPs separately in each platform using Markov Chain
Haplotyping with the Haplotype Reference Consortium data as a
reference panel (Li et al., 2010; McCarthy et al., 2016). After the
imputation, we imposed an r2 value equal to 0.30 as the threshold
to accept the imputed genotypes.
2.3. Imaging and cerebrospinal fluid biomarkers in ADNI

To measure hippocampal and intracranial volumes from T1-
weighted brain MRI scans, we used FreeSurfer version 5.1 (surfer.
nmr.mgh.harvard.edu) (Jack et al., 2010). For assessment of
cortical amyloid accumulation, we used preprocessed (coregistered,
averaged, standardized image and voxel size, uniform resolution)
[18F] florbetapir PET scans (Jagust et al., 2015) and calculated mean
standardized uptake values using a whole cerebellum reference
region as previously described (Risacher et al., 2015). The concen-
tration of CSF Ab42, p-tau, and t-tau was measured by the validated
and highly automated Roche Elecsys electrochemiluminescence
immunoassays (Roche Diagnostics, Mannheim, Germany) (Bittner
et al., 2016).
2.4. Blood-based RNA expression microarray profiling

For the ADNI and AddNeuroMed samples, the PAXgene Blood
RNA Kit (Qiagen Inc., Valencia, CA, USA) was used to purify total
RNA from whole blood collected in a PAXgene Blood RNA Tube
(Lunnon et al., 2012; Saykin et al., 2015). The Affymetrix Human
Genome U219 Array (Affymetrix, Santa Clara, CA, USA) and the
Illumina Human HT-12 v3 Expression BeadChips (Illumina Inc.,
San Diego, CA, USA) were used for expression profiling in ADNI
and AddNeuroMed, respectively (Lunnon et al., 2012; Saykin et al.,
2015). Raw expression values were preprocessed using the robust
multichip average normalization method in ADNI (Choe et al.,
2005) and the robust spline normalization method in AddNeur-
oMed (Du et al., 2008). We checked discrepancies between the
reported sex and sex determined from sex-specific gene expres-
sion data including XIST and USP9Y. We also evaluated whether
SNP genotypes were matched with genotypes predicted from gene
expression data (Schadt et al., 2012). After QC, the RNA expression
profiles contained 21,150 and 5141 probes, in ADNI and Add-
NeuroMed, respectively. The RNA expression profiles were pre-
adjustedwith RNA integrity number values and batch effects using
linear regression.
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Table 1
Demographics of study population

Cohort Diagnosis No. of
participants

Female
(%)

Age, mean
(SD)

RIN, mean
(SD)

ADNI (N ¼ 661) CN 213 107 (50%) 76.4 (6.4) 6.91 (0.51)
MCI 345 144 (42%) 73.2 (7.9) 6.98 (0.55)
AD 103 38 (37%) 77.6 (7.8) 6.98 (0.64)

AddNeuroMed
(N ¼ 674)

CN 243 147 (60%) 74.2 (6.6) 8.96 (0.73)
MCI 208 120 (58%) 75.5 (6.5) 8.50 (0.59)
AD 223 146 (65%) 76.8 (6.8) 8.43 (0.64)

Key: AD, Alzheimer's disease; CN, cognitively normal older adults; MCI, mild
cognitive impairment; RIN, RNA integrity number; SD, standard deviation.
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2.5. Gene coexpression network analysis and identification of AD-
related modules

We constructed clusters (modules) of highly coexpressed genes
from RNA expression profiles of all participants (cognitively
normal older adults (CN) and patients with MCI and AD) using the
weighted correlation network analysis (WGCNA) software
(Langfelder and Horvath, 2008), which calculates the network
adjacency matrix based on coexpression similarity and identifies
gene modules using unsupervised hierarchical clustering. Mod-
ules were represented by a weighted average expression profile,
the module eigengene (ME), which is defined as the first principal
component of the expression matrix in each module. We then
performed a correlation analysis between ME and AD diagnosis
(CN vs. AD) and presented this as a color-coded correlation map.
We also performed a linear regression analysis with AD diagnosis,
age and sex as independent variables and ME as an outcome to
identify modules that were dysregulated in AD using R version
3.6.0 (www.R-project.org). Multiple testing correction was per-
formed using the false discovery rate (FDR) with the Benjamini-
Hochberg procedure (Benjamini and Hochberg, 1995).

2.6. Pathway-based enrichment analysis of AD-related modules

We performed enrichment analysis to identify the biological
pathways of genes assigned to each of the AD-related modules. The
DAVID bioinformatic resource was used to evaluate whether genes
in a particular biological pathway were significantly more enriched
in a given module thanwould be expected by random chance (FDR-
corrected p-value < 0.05) (Huang et al., 2009). KEGG (Kyoto Ency-
clopedia of Genes and Genomes) pathways were used as a reference
for functional annotation (Kanehisa et al., 2016). We then checked
whether the biological pathways identified in ADNI were replicated
in AddNeuroMed. We defined pathways as replicated only when
the ME of the corresponding module in AddNeuroMed showed also
a significant diagnosis group difference in the same direction
(positively or negatively) as the ME of the matching ADNI module.

2.7. Module-based association analysis of modules with replicated
biological pathways with AD biomarkers

We performed a linear regression analysis to evaluate whether
the ME of AD-related modules that had the replicated biological
pathways were also associated with the following AD biomarkers in
all participants (CN, MCI, and AD) from the ADNI cohort (FDR-cor-
rected p-value< 0.05): composite scores for memory and executive
function (Crane et al.,; Gibbons et al.,), hippocampal volume onMRI,
CSF Ab42, CSF p-tau, CSF t-tau, CSF p-tau/Ab42, CSF t-tau/Ab42, and
averaged cortical uptake of [18F] florbetapir PET. Covariates
included age and sex. Intracranial volume and MRI field strength
were also used as covariates for hippocampal volume.

2.8. Gene-based association analysis of target genes in replicated
biological pathways

We selected common genes that belonged to each replicated
biological pathway in both ADNI and AddNeuroMed. For each
pathway, we identified genes that showed differential expression
between AD and CN in ADNI and examined whether the findings
were replicated in AddNeuroMed (FDR-corrected p-value < 0.05).
For those differentially expressed genes, gene-based association
analysis with AD biomarkers was performed using a set-based test
in PLINK 1.9. SNPs in the coding region, 50 untranslated region, 30

untranslated region, regulatory region, and intronic region (�20 kb
of upstream and downstream regions) with minor allele frequency
greater than 0.05 were used for analysis. The same AD biomarkers
in themodule-based association analysis were used for this analysis
as well. An empirical p-value (20,000 permutation) was calculated
for each gene.

2.9. eQTL analysis of differentially expressed genes

Weperformed eQTL analysis on differentially expressed genes in
each replicated biological pathway using PLINK 1.9 (FDR-corrected
p-value< 0.05) (Rockman and Kruglyak, 2006). The GWAS and RNA
expression data from all participants (CN, MCI, and AD) with the
same set of SNPs for each gene in the gene-based association
analysis were used for eQTL analysis. We then checked whether the
significantly associated SNPs were replicated in AddNeuroMed. In
addition, we performed a meta-analysis using METAL (Willer et al.,
2010), which weighted the effect size estimates by their estimated
standard errors. Results of the eQTL analysis were plotted using
LocusZoom (Pruim et al., 2010).

2.10. Hub genes in AD-related modules with the replicated
biological pathways

We identified hub genes (top 10% of genes with the highest
intramodular connectivity) and the overlapping hub genes for the
AD-related modules with replicated biological pathways in ADNI
and AddNeuroMed using WGCNA.

3. Results

A total of 661 participants from ADNI and 674 participants from
AddNeuroMed were included in the present study (Table 1). Gene
coexpression network analysis using WGCNA yielded 17 and 13
modules of highly coexpressed genes in ADNI and AddNeuroMed,
respectively (Fig. 1). Following a linear regression analysis, 4 mod-
ules (lightgreen, red, brown and darkturquoise) in ADNI and 5
modules (turquoise, yellow, black, tan and green) in AddNeuroMed
were significantly dysregulated in AD compared with control
samples (FDR-corrected p-value < 0.05) (Supplementary Table A1).

Pathway-based enrichment analysis of the 4 AD-related mod-
ules in ADNI identified a total of 10 enriched biological pathways
(Table 2). Among them, 3 pathways linked to the brown module
(containing 1580 genes) in ADNI were replicated in the yellow
module (containing 466 genes) of AddNeuroMed (FDR-corrected
p-value < 0.05): Fc gamma receptor (FcgR)-mediated phagocy-
tosis, osteoclast differentiation, and tuberculosis. The ribosome
pathwaywas also enriched in both the redmodule of ADNI and the
turquoise module of AddNeuroMed. However, it was not consid-
ered to be replicated because the direction of the relationship
between the ME and AD diagnosis was opposite in ADNI and
AddNeuroMed. Therefore, only the brownmodule in ADNI and the
yellow module in AddNeuroMed had the replicated biological
pathways in the enrichment analysis. Module-based association
analysis revealed that the brown module in ADNI was positively

http://www.R-project.org


Fig. 1. Clustering dendrogram with correlation between modules and AD diagnosis (CN vs. AD). Weighted correlation network analysis constructed 17 and 13 modules in ADNI (A;
discovery data) and AddNeuroMed (B; replication data) cohorts, respectively. The modules are represented in the rows with the clustering dendrogram. Colors were assigned to the
modules arbitrarily according to their size by the WGCNA software. Each cell contains the correlation between the corresponding module and AD diagnosis (CN vs. AD) with its FDR-
corrected p-value. It is color-coded by the correlation according to the color legend. The p-value was derived from a linear regression analysis with AD diagnosis, age, and sex as
independent variables and module eigengene as an outcome. Abbreviations: AD, Alzheimer's disease; CN, cognitively normal older adults; FDR, false discovery rate; WGCNA,
weighted correlation network analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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associated with mean cortical Ab accumulation measured using
[18F] florbetapir PET scans and negatively associated with com-
posite scores for memory and executive function as well as hip-
pocampal volume (Table 3 and Fig. 2).

In the FcgR-mediated phagocytosis pathway, we identified 11
genes (ASAP1, GAB2, LYN, MAPK1, MAPK3, MARCKS, PAK1, PLCG2,
PRKCD, SYK, and VASP) that were common in both the brown
module of ADNI and the yellow module of AddNeuroMed. In ADNI,
ASAP1, PRKCD, and VASP were significantly overexpressed in AD
compared with CN. Among the 3 genes, ASAP1 and PRKCD were
replicated in AddNeuroMed. Gene-based association analysis of
SNPs within ASAP1 and PRKCD with AD biomarkers identified
PRKCD as being significantly associated with cognitive functions
and CSF p-tau/Ab42 (Table 4). eQTL analysis identified several SNPs
in ASAP1 as being associated with expression levels of ASAP1, which
were replicated in AddNeuroMed. rs11774659 had the lowest
p-value of 4.81�10�9 in the meta-analysis. We plot each SNP in the
region on the chromosome and indicate their association with
ASAP1 expression levels (Fig. 3). No SNPs were identified and
replicated in PRKCD.
In the osteoclast differentiation pathway, we identified 15 genes
(GAB2, GRB2, IFNAR1, LILRA2, LILRB2, LILRB3, MAPK1, MAPK3, OSCAR,
PLCG2, SIRPA, SPI1, SYK, TNFRSF1A, and TYROBP) thatwere common in
both the brown module of ADNI and the yellow module of Add-
NeuroMed. In ADNI, LILRA2, LILRB3, SPI1, and TYROBP were signifi-
cantly overexpressed in AD compared with CN. Among them, 3
genes (LILRA2, LILRB3, and TYROBP) were replicated in AddNeur-
oMed. Gene-based association analysis of SNPs with AD biomarkers
identified only LILRB3 as being significantly associated with cogni-
tive functions and CSF p-tau/Ab42 (Table 4). eQTL analysis identified
SNPs in LILRA2 as significantly associated with expression levels of
LILRA2, which was replicated in AddNeuroMed. rs28516458 had the
smallest p-value of 5.42�10�18 in themeta-analysis (Fig. 3). No SNPs
were identified and replicated in LILRB3 and TYROBP.

In the tuberculosis pathway, we identified 14 common genes
(APAF1, ATP6V0B, ATP6V0D1, CAMK2G, CREBBP, CTSD, FADD, LSP1,
MAPK1, MAPK3, RAB5C, RAB7A, SYK, and TNFRSF1A) in both the
brown module of ADNI and the yellow module of AddNeuroMed.
APAF1were significantly overexpressed in AD compared with CN in
ADNI, which was replicated in AddNeuroMed. Gene-based



Table 2
Biological pathways identified in enrichment analysis

ADNI

Module (Direction of association between ME and diagnosis) KEGG pathway FDR-corrected p-value

Lightgreen (YME in AD) B-cell receptor signaling 7.44�10�5

Red (YME in AD) Ribosome 3.35�10�21

Brown ([ME in AD) Fc gamma receptoremediated phagocytosis 8.49�10�4

Osteoclast differentiation 1.58�10�5

Tuberculosis 2.42�10�6

Endocytosis 2.51�10�2

B-cell receptor signaling 2.25�10�2

Hepatitis B 1.89�10�2

Lysosome 2.22�10�3

Estrogen signaling 1.98�10�2

AddNeuroMed

Yellow ([ME in AD) Fc gamma receptoremediated phagocytosis 4.58�10�5

Osteoclast differentiation 2.31�10�7

Tuberculosis 4.26�10�5

Turquoise ([ME in AD) Ribosome 3.25�10�17

Values were derived from the DAVID bioinformatic resources (Huang et al., 2009).
No KEGG pathways were enriched at dark turquoise module in ADNI and black, green, and tan modules in AddNeuroMed (FDR-corrected p-value < 0.05).
In AddNeuroMed, we only demonstrated KEGG pathways which were identified in ADNI and were significantly enriched (FDR-corrected p-value < 0.05).
Key: AD, Alzheimer's disease; ME, module eigengene; ADNI, Alzheimer's Disease Neuroimaging Initiative; FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and
Genomes.
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association analysis of SNPs within APAF1 did not identify any as-
sociations between SNPs and AD biomarkers. No SNPs in APAF1
were identified and replicated in eQTL analysis.

In the intramodular connectivity analysis, we identified 160 and
58 hub genes from the brown module of ADNI and the yellow
module of AddNeuroMed, respectively. A total of 30 genes,
including PRKCD and LILRB3, overlapped between the 2 modules
(Supplementary Table A2).
Table 3
Association between the brown module of ADNI and various AD biomarkers

AD biomarker t-value FDR-corrected p-value

ADNI-EFa �2.779 1.71�10�2

ADNI-MEM �2.677 1.71�10�2

Hippocampal volume in MRIb �3.148 1.55�10�2

Averaged cortical uptake of [18F]
florbetapir PETc

2.684 1.71�10�2

t-values and p-values were derived from a linear regression analysis between
module eigengene of the brown module and AD biomarkers.
Key: AD, Alzheimer's disease; ADNI-EF, composite score of executive function in
ADNI; ADNI-MEM, Composite score of memory in ADNI; FDR, false discovery rate.

a Data for 2 participants were unavailable.
b Data for 44 participants were unavailable.
c Data for 99 participants were unavailable.
4. Discussion

In this study, we constructed modules from gene coexpression
network analysis in peripheral blood and determined that 3 bio-
logical pathways (FcgR-mediated phagocytosis, osteoclast differ-
entiation, and tuberculosis) were dysregulated in patients with AD.
The brown module in ADNI in which these 3 pathways were found
was associated with AD biomarkers including cognitive functions,
hippocampal volume, and cortical Ab accumulation. This is the first
blood-based transcriptomic study in AD that used 2 independent
cohorts (discovery and replication samples) to demonstrate
consistent findings.

FcgRs, which are cellular receptors for IgG, play an important
role in various types of immune responses. One function is to
couple the specificity of the antibody response to innate effector
pathways, such as phagocytosis, antibody-dependent cellular
cytotoxicity, and the recruitment, and activation of inflammatory
cells (Nimmerjahn and Ravetch, 2006). It is known that FcgRs are
necessary for the intracerebral immune complex to induce
inflammation in the brain (Teeling et al., 2012). The increased
expression of FcgRs on microglia has been observed in both animal
models and patients with AD (Fuller et al., 2014). Indeed, it is
through this mechanism that antibodies against Ab peptide may
trigger microglia to clear Ab plaques and thus cause the serious side
effects called amyloid-related imaging abnormalities when using
such immunotherapy strategies (Gu et al., 2016; Lai et al., 2017; Le
Page et al., 2018). It is possible to prevent these outcomes by
neutralizing the Fc arm of the antibody without loss of efficacy as
Ab plaques can be neutralized by Ab antibodies without the action
of Fc receptors (Das et al., 2003; Golde et al., 2009).

Interestingly, in vitro phagocytic activity by peripheral blood
monocyteswas significantly increased inparticipantswith amyloid-
positive PET scans compared with participants with amyloid-
negative PET scans (Gu et al., 2016). Peripheral inflammatory
markers were found to be elevated in patients with AD as well (Lai
et al., 2017). Inflammation initiated in the brain may lead to the
release of soluble inflammatory mediators that migrate to the pe-
riphery and activate peripheral immune cells (Le Page et al., 2018).
On the other hand, these peripheral immune cells may also migrate
to the brain and perpetuate brain inflammation through the dis-
rupted blood-brain barrier in AD, sustaining a vicious cycle between
the brain and periphery (Le Page et al., 2018; Sweeney et al., 2018).

We also found that ASAP1 and PRKCD were significantly over-
expressed in patients with AD compared to CN among genes in the
FcgR-mediated phagocytosis pathway. In linkage analysis of
autopsy-confirmed familial AD, it was reported that some SNPs
near ASAP1were associated with AD (Sillén et al., 2011). In addition,
PRKCD encodes protein kinase C-d which is activated by Ab and
phosphorylates myristoylated alanine-rich C kinase substrate
(Nakai et al., 2001). The phosphorylation of myristoylated alanine-
rich C kinase substrate is known to induce neurite degeneration via
instability of the actin network in human and mouse brains (Fujita
et al., 2016).

Osteoclasts are bone-resorbing cells that regulate bone turnover
(Cappariello et al., 2014). It was known that low bone mineral
density was associated with the risk of AD (Tan et al., 2005). Pre-
viously, the association between AD and osteoporosis was thought
to be related to reduced daily activities, low vitamin D, or low



Fig. 2. Relationship between hippocampal volume and the brown module in ADNI.
The relationship between hippocampal volume and module eigengene (ME) of the
brown module in ADNI was represented in a scatter plot. The blue line was obtained
from a linear regression analysis (FDR-corrected p-value ¼ 1.55�10�2), and the gray
zone around the blue line indicates 95% confidence interval. Abbreviations: ADNI,
Alzheimer's Disease Neuroimaging Initiative; FDR, false discovery rate. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Y.H. Park et al. / Neurobiology of Aging xxx (2019) 1e96
estrogen exposure (Ensrud and Crandall, 2017; Mokry et al., 2016;
Tan et al., 2005). However, it was also reported that differentia-
tion of osteoclasts is increased in an ADmouse model, which favors
loss of bone mineral (Cui et al., 2011). Furthermore, Ab peptides
were elevated in human osteoporotic bone tissues and enhanced
osteoclast function (Li et al., 2014). The altered osteoclast differ-
entiation pathway that we identified in peripheral blood of patients
with AD might be associated with increased risk of osteoporosis in
patients with AD.

Differentially expressed genes between AD and CN in the oste-
oclast differentiation pathway were related to the pathogenesis of
patients with AD. TYRO protein tyrosine kinase-binding protein,
encoded by TYROBP, is a signaling adaptor protein that plays
important roles in signal transduction in microglia, osteoclasts,
macrophages, and dendritic cells and enhances phagocytic activity
of microglia (Ma et al., 2015). It was reported that TYROBP acted as a
key regulator in an immune- andmicroglia-specificmodule thatwas
constructed from the brain transcriptomic network of patients with
AD (Zhang et al., 2013). Leukocyte Ig-like receptors are expressed on
innate and adaptive immune cells and maintain immune homeo-
stasis (Takeda and Nakamura, 2017). LILRA2was known to act as one
Table 4
Gene-based association analysis with AD biomarkers

AD biomarker Gene set No. of SNP No. of significant SNP Emp

ADNI-MEM PRKCD 132 30 2.55
ADNI-EFa PRKCD 132 50 2.61
CSF p-tau/Ab42b PRKCD 132 43 4.18
ADNI-MEM LILRB3 216 9 6.25
ADNI-EFa LILRB3 216 22 1.50
CSF p-tau/Ab42b LILRB3 216 10 3.88

Key: AD, Alzheimer's disease; Ab42, amyloid-b42; ADNI-EF, composite score of executive
phorylated tau181p.

a Data for 2 participants were unavailable.
b Data for 206 participants were unavailable.
of the hub genes in the Fc receptor system in the brain tran-
scriptomic network of patients with AD (Zhang et al., 2013).

The tuberculosis pathway was also identified in the enrichment
analysis. Some of the subpathways of the tuberculosis pathway,
such as the toll-like receptor signaling pathway and the mitogen-
activated protein kinase signaling pathway, are known to be asso-
ciated with the pathogenesis of AD and may be of some influence
(Huang et al., 2017; Kim and Choi, 2010).

For the past few decades, the amyloid cascade hypothesis has
been accepted as the main pathophysiological mechanism of AD
(Selkoe and Hardy, 2016). It states that the deposition of Ab protein
is the causative agent of Alzheimer's pathology and that the
neurofibrillary tangles, cell loss, and cognitive decline follow as a
direct result of this deposition (Hardy and Higgins, 1992). However,
clinical trials that reduce brain amyloid in patients with AD have
repeatedly failed, suggesting that another key mechanism, in
addition to the Ab deposition, is necessary to explain the occurrence
and progression of AD (Mullane and Williams, 2018). Previously,
neuroinflammation was considered to be merely a late-stage phe-
nomenon in AD (Wyss-Coray, 2006); however, preclinical, genetic,
and bioinformatic studies have shown that it actively contributes to
AD pathogenesis and is now recognized as a core feature of AD
(Heppner et al., 2015). Brain transcriptomic studies as well as
several small blood transcriptomic studies have implicated the
innate immune pathway in the pathogenesis of AD (International
Genomics of Alzheimer's Disease Consortium, 2015; Zhang et al.,
2013), which is summarized in a review article (Song et al., 2016).

This present study has some limitations. First, the regression
coefficients observed in blood are relatively small in magnitude,
compared with what is typically observed in postmortem brain
studies. However, our findings were replicated in 2 independent
data sets. Furthermore, while access to brain tissue from living
patients is extremely limited, blood is easily accessible, noninvasive,
and inexpensive and can be obtained longitudinally, providing a
useful potential biomarker for AD. Second, blood-based tran-
scriptomic profiles could be influenced by confounding factors such
as medication and blood collection, processing, and storage pro-
cedures (Hampel et al., 2018; Mohr and Liew, 2007). However, we
checked RNA quality using RNA integrity number values and also
filtered out genes with low expression values. Importantly, we
replicated our results using an independent data set. Third, tran-
scriptome profiling was performed on different microarray plat-
forms in ADNI and AddNeuroMed. Therefore, in this study, we did
not perform a mega-analysis but constructed network-based
modules in ADNI and AddNeuroMed separately. Although the
present replicated results are robust, we may have not detected
other potentially important peripheral transcriptomic changes
because of methodological differences between cohorts. Fourth, we
used expression profile technology. Newer RNA-sequencing
methods in the future may better quantitate expression and
clarify the role of other factors such as alternative splicing sites.
irical p-value Independent significant SNPs

�10�3 rs6764111, rs11130350
�10�2 rs6764111, rs62254274, rs3821689, rs2358617, rs12495976
�10�2 rs17052826, rs1872037, rs6778939, rs11130347, rs55685362
�10�3 rs11878556, rs17841905, rs117107587
�10�2 rs6509855, rs620207, rs11084325, rs4442928, rs16960152
�10�2 rs6509855, rs34810796, rs606851, rs202131060

function in ADNI; ADNI-MEM, composite score of memory in ADNI; p-tau, phos-



Fig. 3. LocusZoom plot for eQTL analysis of ASAP1 and LILRA2 SNPs' positions on chromosome and their color-coded association with expression levels of ASAP1 are plotted in ADNI
(A) and AddNeuroMed (B). The SNP with the lowest p-value in a meta-analysis (rs11774659) is indicated. The eQTL results of LILRA2 are plotted for ADNI (C) and AddNeuroMed (D)
with an indication of the SNP with the lowest p-value (rs28516458) in a meta-analysis. Abbreviations: eQTL, expression quantitative trait locus; SNP, single-nucleotide poly-
morphism. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Finally, we analyzed cross-sectionally collected gene expression
data. Thus, our findings represent association not causality. Longi-
tudinal studies are needed to understand the role of altered path-
ways in the onset of AD as well as cause and effect relationships.

In summary, network-based blood gene expression analysis
showed that dysregulated pathways, including FcgR-mediated
phagocytosis, were observed in patients with AD. Transcriptomics
can provide a comprehensive understanding of biological processes
and hold great promise for personalized and precision medicine (Li
et al., 2016). With more sophisticated blood transcriptome profiling
methods and integrative analysis approaches with validation using
other multiomics data, blood-based transcriptomics profiles may
become suitable for use in clinical practice for predicting, diag-
nosing, and personalizing treatment for AD.
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