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Alzheimer’s disease (AD) is a progressive and irreversible neurodegenerative disease, associated with a decreased cognitive
function and severe behavioral abnormalities. This study aimed to explore mechanisms of development and progression
of AD. Comprehensive analysis of GSE16759 was performed to identify the differentially expressed IncRNAs (DEIncRNAs),
miRNAs (DEmiRNAs), and mRNAs (DEmRNAs). The differentially expressed RNAs (DERs) were used for the subsequent analysis,
including module genes analysis, pathway enrichment analysis, and interaction network analysis. Finally, an AD-associated
network consisting of INncRNA-miRNA-mRNA-pathway was constructed. A total of 431 DEmRNAs, 35 DEIncRNAs, and 103
DEmiRNAs between the AD group and the normal control group were identified. DEmRNAs were significantly enriched in
13 pathways, such as focal adhesion, endocytosis, and mTOR signaling pathway. Three modules significantly related to AD
were finally screened. The AD-associated network was constructed, including 2 IncRNAs (A2M-AS1 and ZNF571-AS1), 1T miRNA
(hsa-miR-206), 2 mRNAs (NOTCH3 and JAGT), and 2 pathways (notch signaling pathway and endocrine resistance). A2M-AS1,
ZNF571-AS1, hsa-miR-206, NOTCH3 and JAGT may be involved in the mechanisms of AD through notch signaling pathway and

endocrine resistance.
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INTRODUCTION

Alzheimer’s disease (AD) is the commonest cause
of dementia affecting older people (Birks and Harvey,
2018). AD is a progressive and irreversible neurode-
generative disease, associated with a decreased cog-
nitive function and severe behavioral abnormalities
(Song et al., 2017; Wang et al., 2017). AD may occur
due to apoptosis of neurons in the brain, and espe-
cially memory-related areas including glutamatergic
neurons in the entorhinal cortex and the CA1 field of
the hippocampus, as well as cholinergic neurons in
the basal forebrain. Despite decades of study, effective
treatments for AD are lacking (Lee et al., 2018). Im-
proved understanding of the underlying mechanisms
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of AD may eventually identify novel therapeutic tar-
gets for patients. Early diagnosis is important to im-
prove prognosis and reduce mortality. With the rapid
development of molecular biological detection tech-
nology, molecular markers of AD have been paid more
and more attention to find the key molecular targets
for targeted treatment, and ultimately improve the
survival rate of AD patients (Caroli and Frisoni, 2010;
Liang et al., 2010). Generally, ncRNAs are categorized
into two classes according to their size. The first
class of ncRNAs is short ncRNAs including microRNAs
(miRNAs), PIWI-interacting RNAs, small interfering
RNA, small nuclear ribonucleic acid, transcription
initiation RNAs, small nucleolar RNAs, promoter-as-
sociated small RNAs, and TSS-associated RNAs (Cor-
tini et al., 2019; Maniati et al., 2019). The second class
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of ncRNAs is long noncoding RNAs (IncRNAs), which
have a length of more than 200 bp and less than 100 kb.
It is proposed that ncRNAs can be used as novel di-
agnostic and prognostic biomarkers or therapeutic
targets of neurodegenerative disease. Accumulating
evidence has demonstrated that miRNAs and IncRNAs
play a crucial role in various biological processes such
as brain development, maturation, differentiation,
neuronal cell specification, neurogenesis, myelin-
ation, neurotransmission, and synaptic plasticity (Sal-
ta and De Strooper, 2012).

The traditional pathological examination is not
enough to predict the treatment outcome, so it is of
great significance to study its pathogenesis from the
perspective of molecular biology. Gene expression
profile is effective for the classification and prognosis
of tumor patients. This paper comprehensively ana-
lyzed the gene expression profiles, and screened the
important genes related to AD. In this study, compre-
hensive analysis of GSE16759 was performed to identi-
fy the differentially expressed IncRNAs (DE IncRNAs),
miRNAs (DEmiRNAs), and mRNAs (DEmRNAs). The
differentially expressed RNAs (DERs) were used for
the subsequent analysis, including pathway enrich-
ment analysis and interaction network analysis to
explore mechanisms of the development and progres-
sion of AD.

METHODS
Data preprocessing

The dataset GSE16759 produced by Nunez-Iglesias
et al. (2010) of the parietal areas of the cerebral cortex
of AD patients (n=4) and normal control persons (n=4)
were downloaded from Gene Expression Omnibus (GEO)
(Barrett et al., 2007), and the platform was Affymetrix
Human Genome U133 Plus 2.0 Array and Human 0.9 K
miRNA-940-v1.0. The data were preprocessed, includ-
ing background correction, quantile normalization,
and probe summarization, using Oligo package (version
1.34.0) in R language (Irizarry et al., 2003) and limma
(version 3.10.3) package (Kerr, 2003).

Identification of DERs and pathway
enrichment analysis

We re-annotated mRNAs and IncRNAs in the ex-
pression profile through HUGO Gene Nomenclature
Committee (HGNC) (http://www.genenames.org/), in-
cluding 4338 IncRNAs and 19218 protein coding genes
(Yates et al., 2017). The data were calculated by limma
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(version 3.34.0) package (Ritchie et al., 2015) to identi-
fy DERs between the AD group and the normal control
group with FDR < 0.05 and |log2FC| > 0.5 as the cut-off.
The heatmap of DERs was plotted using pheatmap
package (version 1.0.8) in R language (Bhattacharjee
et al., 2002; Wang et al., 2014). Pathway enrichment
analysis of mRNAs was performed using the software
KOBAS 3.0, and the significant enrichment pathways
with FDR < 0.05 were selected (Wu et al., 2006).

Module genes analysis

Gene modules were generated by weighted gene
co-expression network analyses (WGCNA) through
WGCNA package (version 1.61) in R language (Chen et
al., 2012; Langfelder and Horvath, 2008) with the num-
bers of module RNAs > 30 and cutHeight = 0.995 as the
cut-off. Combined with the clinical information, the
relationships between modules and clinical traits were
measured, and modules significantly positively related
to AD were selected with p<0.05 as the threshold. DERs
in these modules were used for the subsequent analysis.

Analysis of ceRNA network

DIANA-LncBase version 2 (http://carolina.imis.
athena-innovation.gr/diana_tools/web/index.php), is
a database that records the IncRNA-miRNA relation-
ship pairs. We used DIANA-LncBase version 2 to select
the IncRNA-miRNA relationship pairs, and the pairs
with the miRNA target gene score (miTG-score) > 0.8
and the opposite expression tendency of IncRNAs and
miRNAs were screened. The network of IncRNA-miR-
NA relationship pairs was constructed using Cytos-
cape software (Shannon et al., 2003). The database
starBase Version 2.0 (http://starbase.sysu.edu.cn/),
including miRanda, PITA, Pictar, RNA22, and Targets-
can, was used to predict the target genes of miRNAs
(Li et al., 2014), and the pairs with opposite expression
tendency of miRNAs and genes were selected. The net-
works of miRNA-target genes relationship pairs and
IncRNA-miRNA-mRNA relationship pairs were con-
structed using Cytoscape software. Pathway enrich-
ment analysis of mRNAs in the network was performed
using the software KOBAS 3.0, and the significant en-
richment pathways with FDR<0.05 were selected. The
database Comparative Toxicogenomics Database 2019
update (http://ctd.mdibl.org/) was used to search the
KEGG pathways related to AD (Davis et al., 2018), and
the network consisting of IncRNA-miRNA-mRNA-path-
way relationship pairs was constructed using Cytos-
cape software.
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RESULTS
Analysis of DERs
A total of 1708 IncRNAs, 476 miRNAs and 17387

mRNAs were re-annotated using HUGO Gene No-
menclature Committee (HGNC) (additional file 1).
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A total of 431 DEmRNAs (154 up-regulated and 277
down-regulated genes), 35 DEIncRNAs (27 up-regulat-
ed and 8 down-regulated IncRNAs), and 103 DEmiRNAs
(64 up-regulated and 39 down-regulated miRNAs) be-
tween the AD group and the normal control group were
identified, and the distribution of DERs was shown in
Fig. 1. DEmRNAs were significantly enriched in focal

Fig. 1. The results of DERs. (A) The volcano of DEmRNASs (genes and IncRNAs) and DEmiRNAs between the AD group and the normal control group. (B) The
heatmap of DEmRNAs (genes and IncRNAs) and DEmiRNAs between the AD group and the normal control group.
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adhesion, endocytosis, mTOR signaling pathway, MAPK
signaling pathway, endocrine resistance, rap1l signal-
ing pathway, estrogen signaling pathway, ras signaling
pathway, TNF signaling pathway, axon guidance, path-
ways in cancer, Parkinson’s disease and AD (Fig. 2 and
additional file 2).

Screening stable modules based on WGCNA

Eight gene modules were generated by WGCNA
(Fig. 3B). The blue, green and red modules were signifi-
cantly positively related to AD (Fig. 3C). RNAs in the
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three modules were shown in additional file 3, and a to-
tal of 175 RNAs were used for further analysis.

The interaction network analysis

We constructed an interaction network for
DEIncRNAs and DEmiRNAs, and the result was
shown in Fig. 4. The network included 22 nodes
(10 down-regulated miRNAs and 12 up-regulat-
ed IncRNAs; A2M-AS1, FAMI13A-AS1, FAMI57A, FTX,
KIAA1614-AS1, LINC00342, LINC00620, LINC00852, ST7-AS1,
TNRC6C-AS1, VLDLR-AS1, ZNF571-AS1, hsa-miR-206,

Fig. 2. The enrichment pathways of DEGs. The horizontal axis represented the number of genes; the vertical axis represented the KEGG pathways, and the

size and color of the dots represented -log10(FDR).
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hsa-miR-617, hsa-miR-765, hsa-miR-133b, hsa-miR-198,
hsa-miR-638, hsa-miR-498, hsa-miR-409-3p, hsa-miR-575
and hsa-miR-346). The interaction network of DEmiRNAs
and DEGs was shown in Fig. 5, and the network in-
cluded 30 nodes (6 down-regulated miRNAs and 24
up-regulated mRNAs; hsa-miR-346, hsa-miR-409-3p,
hsa-miR-498, hsa-miR-198, hsa-miR-206, hsa-miR-133b,
EPHA2, COLEC12, CSRNP1, CAV1, NACA, UBE2D3, SLC12A7,
ARHGAP18, SLC12A2, TGFB1I1, TFPI, GCH1, DLG1, PTPN14,
KDELR2, MLLT3, HNRNPL, JAG1, NOTCH3, LZTS2, COL5A3,
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RNF41, TES and ABCA2). The interaction network of DEI-
ncRNAs, DEmiRNAs and DEGs was shown in Fig. 6, and
the network included 46 nodes (12 IncRNAs, 10 miRNAs
and 24 mRNAs). mRNAs in the IncRNA-miRNA-mRNA
network were significantly enriched in notch signal-
ing pathway (NOTCH3 and JAG1), endocrine resistance
(NOTCH3 and JAGI1) and folate biosynthesis (GCH1). CTD
database showed that there were 207 pathways relat-
ed to AD (additional file 4). Combined with the results
of the IncRNA-miRNA-mRNA network, notch signaling

Fig. 3. The module results based on WGCNA. (A-left) power selection diagram of adjacency matrix weight parameter. The horizontal axis represented the
weight parameter power, and the vertical axis represented the square of the log(k) and log(p(k)) correlation coefficients in the corresponding network.
(A-right) schematic diagram of RNA average connectivity under different power parameters. (B) tree diagrams of the modules, and each color represented
a different module. (C) the correlation heatmap of module-trait. The trait data was obtained from the original publication of GSE16759 and attached as
additional file 6, phenotype represented disease or control, and PMI represented postmortem interval.
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pathway and endocrine resistance were screened, and
the AD-associated network consisting of IncRNA-miR-
NA-mRNA-pathway was constructed in this study
(Fig. S1).

DISCUSSION

AD is a progressive and irreversible neurodegenera-
tive disease, associated with a decreased cognitive func-
tion and severe behavioral abnormalities. Increasing
data have demonstrated that ncRNAs such as miRNAs
and IncRNAs are associated with the pathogenesis of
AD. In this study, comprehensive analysis of GSE16759
was performed to identify the DEIncRNAs, DEmiRNAs,
and DEmRNAs. The DERs were used for the subsequent
analysis, including pathway enrichment analysis and
interaction network analysis to explore mechanisms
of the development and progression of AD. A total of
431 DEmRNAs were significantly enriched in focal ad-
hesion, endocytosis, mTOR signaling pathway, MAPK
signaling pathway, endocrine resistance, rapl signal-
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ing pathway, estrogen signaling pathway, ras signaling
pathway, TNF signaling pathway, axon guidance, path-
ways in cancer, Parkinson’s disease and Alzheimer’s
disease. IncRNA-miRNA and miRNA-mRNA pairs with
negative correlation were utilized for the construction
of IncRNA-miRNA-mRNA network. Positive correla-
tions between levels of miRNAs and their target mRNAs
were observed by Nunez-Iglesias et al(Nunez-Iglesia-
set al., 2010), meanwhile, they also found a few neg-
atively correlated miRNA-mRNA pairs, and the rela-
tive abundance of different correlations drived the
average. We selected the negatively correlated pairs
since most of regulations in the ceRNA regulatory net-
work exhibited inhibitory. Combined with the results
of the IncRNA-miRNA-mRNA network, notch signal-
ing pathway and endocrine resistance were screened,
and the AD-associated network was constructed, in-
cluding 2 IncRNAs (A2M-AS1 and ZNF571-AS1), 1 miRNA
(hsa-miR-206), 2 mRNAs (NOTCH3 and JAG1), and 2 path-
ways (notch signaling pathway and endocrine resis-
tance). NOTCH3, JAG1, A2M-AS1 and ZNF571-AS1 were sig-
nificantly up-regulated, while hsa-miR-206 was obvious-

Fig. 4. The interaction network of DEIncRNAs and DEmiRNAs. Square and triangle respectively represented IncRNA and miRNA, and the change of color
from green to red indicated a significant down-regulation to up-regulation expression change.
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ly down-regulated, and most of these RNAs exhibited
similar expression patterns in other research (Fig. S2
and additional file 5).

Alpha-2-macroglobulin (A2M) is a molecule gen-
erally associated with inflammation, and chronic
inflammation is associated with ageing and cancer
(Thieme et al., 2015; Sunderié et al., 2019). A2M was
a biomarker of neuronal injury in AD and a network
of nine genes co-expressed with A2M in the brain
was identified (Varma et al., 2017; Seddighi et al,,
2018). miR-206, which suppresses the expression of
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brain-derived neurotrophic factor, is known to be
elevated in the brains of AD patients (Moon et al.,
2016). The increased serum miR-206 level might be
a potential predictor of conversion from amnestic
mild cognitive impairment (aMCI) to AD (Xie et al.,
2017). Circulating miR-206 and miR-132 as novel miR-
NAs upregulated in mild cognitive impairment (MCI)
patient were potential biomarkers for diagnosis of
MCI (Xie et al.,, 2015). Brain-derived neurotrophic
factor (BDNF) is required for efficient skeletal-muscle
regeneration and perturbing its expression causes ab-

Fig. 5. The interaction network of DEmiRNAs and target genes. Circular and triangle respectively represented mRNAs and miRNAs, and the change of color
from green to red indicated a significant down-regulation to up-regulation expression change.
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normalities in the proliferation and differentiation of
skeletal muscle cells, and miR-206 might play a role in
regulating retrograde signaling of BDNF at the neuro-
muscular junction (Miura et al., 2012). The increased
miR-206 down-regulated the expression of BDNF (Tian
et al., 2014). Furthermore, intranasally administered
miR-206 also reached the brain and increased BDNF lev-
els and memory function in AD mice (Lee et al., 2012).
Cerebral autosomal-dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy (CADASIL)
pathophysiology was associated with hypomorphic
Notch 3 function in vascular smooth muscle cells and
implicated the accumulation of clusterin and colla-
gen 18 al/endostatin in brain vessel pathology (Jou-
tel et al., 1996, Thomas et al., 2000). MRK-003 inhibit-
ed Notch3 signaling, reduced tumor cell proliferation,
inhibited serum independence, and induced apopto-
sis (Konishi et al., 2007). Hypomorphic Notch 3 alleles
linked Notch signaling to ischemic cerebral small-ves-
sel disease (Arboleda-Velasquez et al., 2011). Notch3
was identified as a target of miR-206 that was involved
in the negative regulation of Notch3 anti-apoptosis
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signaling. Through its inhibition of Notch3 signaling,
miR-206 could active cellular apoptosis and suppress
tumor growth (Song et al., 2009). Physiological func-
tions of B-Site Amyloid Precursor Protein Cleaving En-
zyme 1(BACE1) may limit its use as a therapeutic target
for AD (Bario et al., 2016). BACE1 can effectively shed
the membrane-anchored signaling molecule Jagged 1
(Jag1). Although Jag1 shares a high degree of homolo-
gy with Jag2 in the ectodomain region, BACE1 fails to
cleave Jag2 effectively, indicating a selective cleavage
of Jagl. Abolished cleavage of Jagl in BACEI-null mice
leads to enhanced astrogenesis and, concomitantly,
reduced neurogenesis. This characterization provides
biochemical evidence that the Jagi-Notch pathway is
under the control of BACE1 activity. Jag1 is a ligand of
the Notch pathway and a target of miR-206, and miR-206
overexpression inhibited jagl. Through ligand bind-
ing to receptors, Notch signaling is activated to ini-
tiate an intercellular communication system(Kopan
and Ilagan, 2009). Decreased Jag1 inactivated the Notch
pathway, while downregulation of miR-206 could re-ac-
tivate the abrogated Notch signaling (Hu et al., 2021).

Fig. 6. The interaction network of DEINcRNAs, DEmiRNAs and target genes. Square, triangle, and circular respectively represented IncRNAs, miRNAs and
target genes, and the change of color from green to red indicated a significant down-regulation to up-regulation expression change.
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CONCLUSION

In conclusion, an AD-associated network consist-
ing of IncRNA-miRNA-mRNA-pathway was construct-
ed, implying that A2M-AS1, ZNF571-AS1, hsa-miR-206,
NOTCH3, and JAG1 may be involved in the mechanisms
of AD through notch signaling pathway and endocrine
resistance.
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SUPPLEMENTARY MATERIALS

Fig. S1. The interaction network of DEINcCRNAs, DEmiRNAs, target genes and
pathway. Square, triangle, circular and rhombus respectively represented
IncRNAs, miRNAs, target genes, and pathways, and the change of color
from green to red indicated a significant down-regulation to up-regulation
expression change.

Fig. S2. The expression patterns of A2M-AS1, ZNF571-AS1, hsa-mir-206, JAG1
and NOTCH3 in GSE16759 and another AD-associated dataset GSE48350.
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