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Abstract

The purpose of our study was to identify microRNAs (miRNAs) as early detectable peripheral biomarkers in Alzheimer’s
disease (AD). To achieve our objective, we assessed miRNAs in serum samples from AD patients and Mild cognitive
impairment (MCI) subjects relative to healthy controls. We used Affymetrix microarray analysis and validated differentially
expressed miRNAs using gRT-PCR. We further validated miRNA data using AD postmortem brains, amyloid precursor protein
transgenic mice and AD cell lines. We identified a gradual upregulation of four miRNAs: miR-455-3p, miR-4668-5p, miR-3613-
3p and miR-4674. A fifth miRNA, mir-6722, was down-regulated in persons with AD and mild cognitive impairment compared
with controls. Validation analysis by gRT-PCR showed significant upregulation of only miR-455-3p (P =0.007) and miR-4668-
Sp (P=0.016) in AD patients compared with healthy controls. Furthermore, qRT-PCR analysis of the AD postmortem brains
with different Braak stages also showed upregulation of miR-455-3p (P =0.016). However, receiver operating characteristic
curves (ROC) curve analysis revealed a significant area under curve (AUC) value only for miR-455-3p in the serum

(AUROC =0.79; P=0.015) and brains (AUROC =0.86; P =0.016) of AD patients. Expression analysis of amyloid precursor protein
transgenic mice also revealed high level of mmu-miR-455-3p (P =0.004) in the cerebral cortex (AD-affected) region of brain
and low in the non-affected area, i.e. cerebellum. Furthermore, human and mouse neuroblastoma cells treated with the amy-
loid-B1-42) peptide also showed a similarly higher expression of miR-455-3p. Functional analysis of differentially expressed
miRNAs via the miR-path indicated that miR-455-3p was associated in the regulation of several biological pathways. Genes
associated with these pathways were found to have a crucial role in AD pathogenesis. An increase in miR-455-3p expression
found in AD patients and AP pathologies unveiled its biomarker characteristics and a precise role in AD pathogenesis.

Introduction increase to 131.5 million by 2050 (2). The major pathological

Alzheimer’s disease (AD) is progressive neurological disorder af-
fecting aged humans (1). The loss of memory, thinking skills,
reasoning abilities and changes in personality and in behavior
are the main characteristics of AD (2). Currently, over 46.8 mil-
lion people worldwide, including 5.4 million Americans, live
with AD-related dementia, and this number is estimated to

hallmarks of AD are the formation of extracellular amyloid pla-
ques and intracellular neurofibrillary tangles in brains of pa-
tients with AD. The amyloid plaques accumulate owing to the
overproduction of the amyloid B peptide (Ap). This overproduc-
tion is owing to endoproteolysis of the parental amyloid precur-
sor protein (APP), which is cleaved by the enzyme complexes a-,
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- and y-secretases (3). Increased production and reduced clear-
ance of AB in the brain, may lead to a cascade of events in dis-
ease process, including synaptic damage, hyperphosphorylated
tau (p-tau), mitochondrial structural and functional changes, in-
flammatory responses, hormonal imbalance, cell cycle changes
and neuronal loss (4-6).

Currently, to diagnose AD, several biochemical tests are
used to detect AB and p-tau proteins in the cerebrospinal fluid
(CSF) of AD patients. This fluid then undergoes biochemical and
molecular tests, to determine the levels of biomarkers of AD. In
the CSF of patients diagnosed with AD, the concentration of
AP1-42) has been found to be 40-50% lower than concentration
levels in individuals who do not have AD (6). Such lower levels
of AB42) in patients have been detected at later stages of AD
progression, but they have not been detected in patients in early
stages of disease progression. The use of CSF analysis to deter-
mine levels of AB(1_4y) is considered a safe procedure, but often
times, the patients complain about post-examination head-
aches (7). CSF examination requires highly skilled persons
puncturing the lumbar to remove spinal fluid. Additional testing
to diagnose AD uses highly sophisticated neuroimaging tech-
niques, such as positron emission tomography and structural
magnetic resonance imaging and scanning (8).

Given these problems with diagnostic tests for AD, in the
last decade researchers have focused on developing non-
invasive diagnostic tests capable of detecting nucleic acids, par-
ticularly microRNA (miRNAs), known to regulate in patients
with AD. These miRNAs are small nucleotide molecules (~22-25
measurement unit) that expressed in humans, plants, fungi,
bacteria and some viruses (9). In neurodegenerative diseases
such as AD, miRNAs have been found to be deregulated in the
blood, plasma, serum, CSF, extracellular fluid and brain tissues
of AD patients (10,11).

In humans, miRNAs are believed to be involved in all devel-
opmental and pathological processes by regulating gene expres-
sion. They achieve this regulation by targeting 3’ UTR and
binding RNA sequences at 3’'UTR in a sequence-specific manner
(12). Some miRNAs are tissue-specific and are localized at cer-
tain cellular niches, while others are expressed in all tissues
and organs of human body. MiRNAs synthesized in the cells
and usually modulate mRNA activity of host cells while in sev-
eral circumstances, miRNAs released from cells are involved in
regulating signals for cells-to-cell communication, known as ex-
tracellular miRNAs (13). Extracellular miRNAs are secreted from
cells via encapsulated exosomes and micro-particles, or they
are released with several lipoprotein complexes, such as high-
density lipoproteins, low-density lipoproteins and argonaute 2
proteins (13). These extracellular circulatory miRNAs are very
stable in blood components. In pathological conditions, such as
in persons with AD, concentrations of particular miRNAs are al-
tered (11). However, we still do not have complete understand-
ing of how expressions(s) of miRNAs progress in non-demented
elderly individuals to mild cognitive impairment (MCI), and MCI
to AD.

Several recent miRNA studies using CSF, serum, plasma and
whole blood revealed that circulatory miRNAs as peripheral bio-
markers in AD (6,14-22). However, these studies provided infor-
mation about miRNAs with little or no consensus in all studies.
Furthermore, validation of differentially expressed miRNAs us-
ing AD postmortem brains is not well done in these studies.
Therefore, a more detailed study on circulatory miRNAs in AD
patients and MCI subjects with thorough validation is urgently
needed, in order to determine early detectable peripheral bio-
markers in AD. In the present study, we sought to determine
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miRNAs as early detectable biomarkers in serum samples from
AD patients, MCI subjects relative to healthy controls. We used
Affymetrix microarray analysis and validated differentially ex-
pressed miRNAs using qRT-PCR. We further validated the data
using AD postmortem brains, APP transgenic mice and AD cell
lines.

Results

Primary screening of serum samples to detect miRNAs

AD patients (n=10), MCI subjects (n=16) and controls (n=14)
(Table 1) were analyzed for their miRNA microarray expression
using the Affymetrix GeneChip miRNA Array, v. 4.0. A total of
6631 genes were detected in all of the serum samples. Of these
6631 genes, 2578 were mature miRNAs that were listed in the
miRbase database, and 2025 were the stem-loop precursor
miRNAs (pre-miRNAs) (Table 2). The remaining genes belonged
to different classes of small RNAs, such as snoRNA (1491),
CDBox (319), HAcaBox (155), scaRna (31) and 5.8s rRNA (10). Of
the remaining genes, 22 were spike-in control RNAs that were
added externally during the array experiment. Differential
miRNA expression in each miRNA was analyzed, on the fold-
change intensity of each miRNA (-2 to+2) and each ANOVA
P-value (<0.05).

AD patients and healthy controls

Microarray analysis was performed on the samples from the AD
patients (n=10) and the controls (n=14) (Fig. 1). The miRNA bi-
weight average (log2) intensity showed significant (P < 0.05) de-
regulation of 7 miRNAs in AD patients compared with controls
(Table 3). The miRNA sequences, hsa-miR-455-3p, hsa-miR-
3613-3p, hsa-miR-4668-5p, hsa-miR-5001-5p, hsa-miR-4674 and
hsa-miR-4741, were up-regulated, while hsa-miR-122-5p was
down-regulated. The top miRNA candidate was hsa-miR-455-
3p, which showed a remarkably 11.3-fold higher expression
in AD patients compared with controls. Other miRNAs were
hsa-miR-3613-3p (3.67-fold), hsa-miR-4668-5p (3.38-fold) and
hsa-miR-4674 (5.62-fold) also exhibited the higher levels of fold
expression in AD patients. These results identified new miRNA
candidates that were not previously identified in AD.

AD patients and MCI subjects

To compare the intermediate states of disease progression, mi-
croarray data were analyzed from the AD patients (n=10) and
MCI subjects (n=16). Heat map data and hierarchical clustering
showed the differential expressions of eight miRNA candidates
(Fig. 2). Based on the bi-weight average (log2) intensity and lin-
ear fold-change values, the miRNAs hsa-miR-3613-3p and
hsa-miR-4668-5p were significantly up-regulated (ANOVA,
P <0.05) and hsa-mir-320d-2, hsa-miR-378h, hsa-miR-3921, hsa-
miR-6805-5p, hsa-miR-92a-3p, hsa-miR-3613-5p were down-
regulated in the serum samples of AD patients compared with
MCI subjects (Supplementary Material, Table S1).

MCI subjects and healthy controls

Microarray data were compared between MCI subjects (n=16)
and controls (n=14). Hierarchical clustering showed a wide
range of miRNA signatures that were deregulated (Fig. 3).
Interestingly, 50 miRNAs were identified, and all of them were
significantly up-regulated in MCI subjects (Supplementary
Material, Table S2). Surprisingly, miR-4674 (5.24-fold) and miR-
455-3p (5.18-fold) showed maximum upregulation in MCI
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Table 1. Demographic profile of serum samples subjects, compared with controls. These results suggested that
greater number of miRNA deregulation were observed at the ini-
tial phases of disease progression.

Primary screening and validation

S.No. Cog Age Gender APOE MMSE Race

Dx genotype ethnicity AD patients, MCI subjects and healthy controls
1 AD 8 M 3/3 20 Hispanic To detect disease progression through the differential expres-
2 AD 88 F 3/4 28 Caucasian sion of miRNAs, we compared the differentially expressed
3 AD 87 F 3/3 12 Caucasian miRNAs in the serum samples of AD patients and MCI subjects
4 AD 74 F 3/3 24 Hispanic (n=10 and n= 16, respectively) and controls (n=14) at the same
5 AD 82 M 3/3 19 Black time point in disease progression. The miRNAs in each group of
6 AD 72 M 3/4 25 Black serum samples were analyzed in terms of: bi-weight average
7 AD 63 F 4/4 21 Caucasian (log2) intensity, a fold change of less than —2 or more than 2,
8 AD 75  F 3/3 24 Caucasian and an ANOVA/false discovery rate (FDR), P <0.05. Results indi-
9 AD 74 M 4/4 25 Caucasian cated that a total of 68 miRNAs (32 mature and 36 precursors)
10 AD 56 M 3/3 26 Hispanic were deregulated among three groups of serum samples (Fig. 4).
11 MCI-A-M 69 M 3/3 25 Caucasian Because, present study aimed to identify promising biomarkers
12 MCI-A-S 76 F 3/3 26 Hispanic for AD progression, we focused on miRNAs, and those expres-
13 MC-A-S 70 F 2/2 24 Caucasian sions are either gradually increased or decreased among three
14 MCI-A-S 77 F 3/4 29 Caucasian groups. Of the 32 mature miRNAs that were identified, 7 were
1 MCLA-S 70 M 3/3 18 HTSpanTC gradually upregulated: hsa-miR-455-3p, hsa-miR-3613-3p, hsa-
1? xg:ﬁig g? x zﬁ 5; S;Zizrz:n miR-4674, hsa-miR-4668-5p, hsa-miR-4317, hsa-miR-3124-3p
18 MCLAM 81 M 23 07 Caucasian and hsa-mlR-6856-3p, while oTle, hsa-miR-1972 .was down-
19 MCLNA-S 70 F 33 % Caucasian regulated in AD and MCI subjects compared with controls
20 MCL-A-M 86 F 33 97 Caucasian (Supplementary Material, Table S3). Furthermore, the remaining
21 MCLA-M 63 M 3/3 o5 Hispanic pre-miRNAs (hsa-mir-124-1, hsa-mir-4417, hsa-mir-1908, hsa-
29 MCI-A-S 80 T 3/3 25 Caucasian mir-3912, hsa-mir-4325 and hsa-4776-2) showed gradual
23 MCI-AS 75 M 3/3 27 Caucasian upregulation while four of the pre-miRNAs (hsa-mir-6722, hsa-
24 MCI-A-S 65 M 3/4 28 Hispanic mir-412, hsa-mir-3153 and hsa-mir-4430) showed gradual
25 MCI-A-S 66 F 3/4 ND Hispanic downregulation (Supplementary Material, Table S3).
26 MCI-A-S 78 F 3/3 25 Caucasian Among the 68 miRNAs that we studied, the most significantly
27 NC 74 F 3/3 21 Hispanic upregulated (ANOVA/FDR, P <0.05) were 4 miRNAs miR-455-3p,
28 NC 70 M 3/3 25 Hispanic miR-3613-3p, miR-4674 and miR-4668-5p and the one down-
29 NC 62 F 3/3 30 Caucasian regulated miRNA mir-6722. These miRNAs were selected for sec-
30 NC 82 F 3/4 27 Caucasian ondary screening and validation analysis because their expres-
31 NC 67 F 4/4 25 Hispanic sion varied more in the three groups of serum samples (Table 4).
32 NC 65 M 2/3 28 Hispanic The miR-455-3p log2 intensity showed a 2.53-fold increase in the
33 NC 75 F 3/4 30 Caucasian controls, a 4.9-fold increase in MCI subjects and a 6.03-fold in-
34 NC 74 M 3/3 29 Caucasian crease in AD patients. Similarly, the expression of miR-4674 also
35 NC 8 M 3/3 21 Hispanic increased from 1.99-fold in controls, to a 4.38-fold increase in MCI
36 NC 81 M 3/4 24 Caucas?‘r’m subjects, and to a 4.48-fold increase in AD patients.
227; Eg 3(5) i 2;?} zg g:ﬁzzz:ﬁ Tl.le miR—46§8—5p showed a grgdual upregul.ation of up to 3-
39 NC 29 P 4/a 7 Hispanic fold in AD patients, f:omparef:l with 1.2§-fold 1ncrea§e in con-
0 NC 86 M 23 29 Caucasian trols, and a 1.67-fold increase in MCI subjects. The miR-3613-3p
Validation expression also gradually increased when the miRNAs were an-
241 AD 26 M 3/4 97 Caucasian alyzed and compared in controls, MCI, and AD patients (1.13-,
42 MCLA-M 73 F 3/3 24 Caucasian 1.25- and 3.0-fold increases, respectively). The expression of
43 MCI-A-M 88 M 3/4 25 Caucasian mir-6722 gradually decreased in MCI subjects (6.27-fold) and AD
44 MCI-A-M 73 F 3/3 28 Caucasian patients (5.72-fold) compared with mir-6722 expression (6.72-
45 MCI-A-S 8 M 3/3 20 Hispanic fold) in controls. Thus, the circulatory serum miRNAs showed
46 NC 84 F 2/3 28 Caucasian aberrant expression in the healthy controls and diseased states
47 NC 8 F 3/3 30 Caucasian (AD and MCI). Also noteworthy was that the level of expression
48 NC 84 F 3/3 29 Caucasian in these molecules consistently either increased or decreased
49 NC 65 F 3/3 28 Black with disease progression. Hence, such miRNAs could be candi-

dates for diagnostic tools capable of discriminating between

Table 2. Classes of small RNA genes detected by Affymetrix microarray

Total Number of genes identified by Affymetrix microarray analysis: 6631

Mature miRNA Stem-loop/pre miRNAs SnoRNA CDBox HAcaBox scaRna 5.8s IRNA Spike-in control

2578 2025 1491 319 155 31 10 22
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Figure 1. Heat map showing hierarchical clustering of miRNAs in AD patients and healthy controls. Left side showed the transcript cluster ID of differentially expressed
seven miRNAs. Red and green color indicate high- and low-expression intensities, respectively.

Table 3. MiRNAs: log?2 intensity and fold change in AD patients and controls

Transcript miRNA AD Bi-weight AD standard Control bi-weight Control  Fold change ANOVA FDR Chromosome
cluster ID name average deviation average standard (linear) (AD P-value P-value

signal (log2) signal (log2) deviation versus control)
20504187  hsa-miR-455-3p 6.03 1.05 2.53 1.06 11.3 0.000003  0.007  chr9
20517821  hsa-miR-3613-3p 3 1.32 1.13 0.16 3.67 0.000014 0.012 chri3
20519463  hsa-miR-4668-5p 3 15 1.25 0.42 3.38 0.000576  0.079  chr9
20500726  hsa-miR-122-5p 2.31 14 4.26 1.24 -3.85 0.004833  0.198 chrl8
20520198  hsa-miR-5001-5p 3.73 0.7 2.49 0.77 2.37 0.011848 0.263  chr2
20519474  hsa-miR-4674 4.48 1.37 1.99 1.05 5.62 0.013827 0.275 chr9
20519592  hsa-miR-4741 231 0.61 1.26 0.42 2.07 0.013923 0.276  chrl8
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Figure 2. Heat map showing hierarchical clustering of miRNAs in AD patients and MCI subjects. Left side shows the transcript cluster ID of differentially expressed 8

miRNAs. Red and green indicate high- and low-expression intensities, respectively.

healthy persons and persons with AD or MCIL Such miRNAs
could also be used to monitor disease progression in AD
patients.

Secondary screening and validation of miRNAs in serum
samples

Selected miRNAs (miR-455-3p, miR-3613-3p, miR-4674, miR-
4668-5p and mir-6722) were further validated for their expres-
sion using qRT-PCR assays. The expression of miR-455-3p was
quantified in serum of controls (n = 18), MCI subjects (n =20) and
AD patients (n=11). Interestingly, fold-change (mean *+ SD)
analysis indicated a gradual upregulation of miR-455-3p in AD

patients (0.071 +0.078-fold) (P=0.007) compared with the
fold-change in MCI subjects (0.034 = 0.024-fold) and in controls
(0.019 = 0.020-fold) (Fig. SA). Similarly, the expression of miR-
4668-5p was also significantly (P=0.016), upregulated in MCI
subjects (2.25 + 2.78-fold) compared with controls (0.340 * 0.50-
fold) (Fig. 5B). However, miR-4668-5p expression did not show
significant elevation in the AD patient’s serum (1.50 = 1.61-fold).
In similar way, expressions of miR-4674 and miR-3613-3p also
increased in the MCI and AD patients, though it was not signifi-
cant (Fig. 5C and D).

The expression of precursor miRNA (mir-6722) was also
quantified by qRT-PCR, with results showing a gradual down
regulation in MCI and AD patients compared with controls, but
not significantly (Fig. 5E). So, a microarray-based panel of 5
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1. MCI
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Figure 3. Heat map showing hierarchical clustering of miRNAs in MCI subjects and healthy controls. Left side shows the transcript cluster ID of differentially expressed

miRNAs. Red and green indicate high and low expression intensities, respectively.

miRNAs was found to concur with qRT-PCR validation in con-
trols, MCI and AD serum samples. However, our statistical
analysis revealed that miR-455-3p and miR-4668-4p were signif-
icantly upregulated in persons with AD or MCI from healthy
controls.

Validation of serum miRNAs using AD postmortem
brains

Total RNA was isolated from postmortem brains (frontal cortex)
of AD patients at Braak stages IV (n=4), V (n=6), and VI (n=6),
and in controls (n=5) (Table 5). Expression of selected 5-miRNA
panel was quantified by qRT-PCR. The average fold change in
each miRNA was higher in AD brains at Braak stages IV, V, and
VI compared with the control brains. Expression of miR-455-3p
was increased in the AD brains at all Braak stages compared

with controls. However, a significant upregulation was observed
in brains from AD patients at the Braak stage V (26.59-fold,
P=0.016) (Fig. 6A). Similarly, miR-3613-3p expression was also
higher in the brain tissues at Braak stage V (P =0.003) compared
with controls (Fig. 6B).

MiR-4674 expression was also higher in the postmortem
brains from AD patients at the Braak stages IV and V, but it was
significantly higher at stage VI (P=0.003) (Fig. 6C). MiR-4668-5p
expression was also up-regulated in AD brains at Braak stages
IV, V, and VI, but not the significant level (Fig. 6D). Mir-6722 ex-
pression was down-regulated in AD serum samples. However,
the expression of mir-6722 was surprisingly increased in the AD
patients at Braak stage VI (P=0.018) (Fig. 6E). The opposite facts
were observed in the analysis of mir-6722 expression.

The upregulation of miR-455-3p was significant in postmor-
tem brains from AD patients at Braak stage V. Interestingly,
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Figure 4. Hierarchical clustering of differentially expressed miRNAs in 40 serum samples (14 controls marked as 1, 14 MCI subjects marked as 2 and 10 AD patients
marked as 3 on the top). Left side shows the transcript cluster ID of differentially expressed 63 miRNAs. Red and green color indicate high- and low-expression

intensities.

those individuals were all having the ApoE (3/4) genotype (Table
5). The expression of miR-455-3p was the most significantly
higher in both the AD serum and AD postmortem brains sug-
gesting that it might be implicated in AD detection and
pathogenesis.

Receiver operating characteristics curve analysis

To determine the diagnostic accuracy using miRNAs in AD pa-
tients, ROC curves analysis was studied for miR-455-3p expres-
sions in serum and AD brain samples. The curves were plotted,
based on the ACt value of miR-455-3p expression in serum sam-
ples from the AD patients (n=11) and controls (n=18). Upon
analysis, miR-455-3p showed significant area under curve
(AUC). The AUROC=0.79 with a 95% confidence interval was
0.59-0.98 (P=0.015) in AD serum samples compared with the

healthy controls (Fig. 7A). Further, ROC analysis of miR-455-3p
expression in postmortem brains from 16 AD patients and 5
healthy controls indicated the significant AUROC value of 0.86
(95% confidence interval was 0.61 to 1.11, P=0.016) (Fig. 7B).
Thus, ROC analysis confirmed miR-455-3p as a valuable mole-
cule capable of discriminating persons with and without AD.

Expression of miR-455-3p in APP transgenic mice

Because miR-455-3p showed promising results in terms of its
expression in AD serum samples and AD postmortem brains,
miR-455-3p expression was also studied in the cortical tissues
from an APP transgenic mouse model of AD (Tg2576line). This
study investigated the mmu-miR-455-3p expression in brain tis-
sues from 6-month-old APP mice (n=6) and C57BL/6 wild-type
mice (n=6). Total RNA was extracted from disease-affected
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Fold change
(linear)

Fold change

(linear)

Fold change

(linear)

FDR

ANOVA
P-value

AD MCI  Controls
SD

Controls bi-weight
average signal

(log2)

MCI bi-weight

average

AD bi-weight
average signal

(log2)

Transcript

Transcript
cluster ID

P-value

SD

SD

ID

(MCI versus
AD)

(AD versus

controls)

(AD versus
MCI)

(all conditions)

(all conditions)

signal (log2)

-2.18

11.3

2.18
—1.46
1.07
3.37
2.52

0.001994
0.007169
0.024285
0.001562
0.045154

0.000002
0.000016
0.000208
9.42E-07
0.000711

1.06
0.4

1.29
0.48
1.26
0.64
0.91

1.05
0.45
1.37
1.32
1.5

2.53
6.72
1.99
1.13
1.25

4.9

6.03
5.72
4.48

hsa-miR-455-3p
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3
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tissue from the cerebral cortex and non-affected-cerebellum,
and mmu-miR-455-3p expression was measured by gRT-PCR.
Results showed a 1.8-fold (P =0.004) upregulation of mmu-miR-
455-3p in the cerebral cortex tissues of the APP mice, compared
with the wild-type mice (Fig. 8A). Interestingly, in cerebellum,
mmu-miR-455-3p expression was significantly (P=0.018) re-
duced in the APP mice (Fig. 8B). Expression of mmu-miR-455-3p
was also examined in the serum samples from APP mice. Mmu-
miR-455-3p expression was higher in the APP mice serum com-
pared with the wild-type mice, although it was not statistically
significant (Fig. 8C). A high level of mmu-miR-455-3p expression
in the APP mice confirmed a possible role in AB-mediated AD
pathogenesis.

MiR-455-3p expression in aB(_4) treated cells

To determine the effects of the AB on the expression of miR-
455-3p, the SH-SY5Y (human neuroblastoma) and N2a (mouse
neuroblastoma) cells were treated with the AB_4, peptide
(20 pM) for 6h. Total intracellular RNA was extracted and ex-
pression of human and mouse miR-455-3p were measured by
gRT-PCR. Results showed a 4.1-fold (P=0.027) increase in hsa-
miR-455-3p expression in the AB-treated SH-SY5Y cells com-
pared with control (untreated) cells (Fig. 9A). Similarly, in N2a
cells, mmu-miR-455-3p expression was also upregulated by 3.8-
fold (P=0.021) in Ap-treated cells compared with control cells
(Fig. 9B). These results further confirmed the significant re-
sponse of miR-455-3p in Ap pathologies.

MiRNA-associated signaling pathways

MiRNA-associated signaling pathways were analyzed using
DIANA TOOLS-miRPath algorithm to identify the biological
function of these miRNAs and their role in AD pathogenesis.
MicroT-CDS files for all five miRNAs were run with a P val-
ue <0.05. KEGG pathway analysis unveiled more than 54 biologi-
cal pathways associated with these miRNAs. This analysis
focused on the miR-455-3p and identified possible molecular
targets involved in AD pathogenesis. The miRNA analysis iden-
tified the relationship of miR-455-3p with 11 biological path-
ways and associated genes (Fig. 10). The most important
signaling pathways were: the ECM-receptor interaction, the
adherens junction, the transforming growth factor beta (TGF-)
signaling pathway, the hippo signaling pathway, and the regu-
lation of the actin cytoskeleton. These signaling pathways and
some of their genes (THBS1, COL3A1, HSPG2, COL6A1, RUXN1,
MYC, Smad2, PLK1 and TNC) were directly associated with AD
pathogenesis. The upregulation of miR-455-3p in AD develop-
ment might be associated with the modulation of the above-
mentioned genes. Thus, analysis of the signaling pathways re-
vealed a possible molecular mechanism for how miR-455-3p is
involved in AD pathogenesis.

Discussion

Despite the enormous research efforts that have gone into de-
veloping ways to diagnose AD at the earliest stages possible, lit-
tle progress has been made. Perhaps this is at least in partly
owing to initial research that focused on personal characteris-
tics of persons who developed AD, such as their life style, body
mass index, status of AD-related alleles, their genotypic and
phenotypic variations, and environmental factors (11,23,24).
This research recently broadened the list of potential
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Figure 5. qRT-PCR validation of serum samples. Expression of (A) miR-455-3p, (B) miR-4668-5p, (C) miR-4674, (D) miR-3613-3p and (E) mir-6722 in healthy controls, MCI
subjects and AD patients’ serum samples. Fold change was calculated by 272" method. Significant difference among groups were calculated by one-way ANOVA with

P <0.05 is considered statistically significant.

biomarkers for AD to include blood-based miRNAs, but until the
last 5—8years, little research was actually conducted to narrow
the list of miRNAs that might serve as biomarkers for AD, be-
cause more than one hundred miRNAs were found to be
deregulated in AD patients (6,11,14-21).

The present study is an attempt to narrow the field of
miRNAs that might serve as peripheral biomarkers for AD.
Using Affymetrix microarray analysis, we identified about 6631
types of small RNAs in the serum of patients with AD and with
MCI. Of these, only 2578 were mature, and 2025 were stem-loop
precursors of human miRNAs. These numbers of mature
miRNAs were almost same as the miRNAs entry on miRbase re-
lease 21 (2588 mature) for Homo sapiens (www.mirbase.org/cgi-
bin/browse.pl). From these results, we came to know that most
of genomic miRNAs were present and/or secreted in peripheral
circulation. Based on a recent literature of circulatory miRNAs
(11), we had expected that disease-specific miRNAs or miRNAs
associated with a particular pathological state, such as AD, were
differently expressed and released in peripheral circulation (11).
When we compared the 3 different study groups in our research
(serum from AD patients, MCI subjects and healthy controls),
we found that miRNA expressions of a wide number of miRNAs
change, depending on the serum-donor’s stage of disease

progression. The highest variation of miRNA expressions was
found in the patients’ serum who were at the initial stage of dis-
ease progression, when the diagnosis of these patients went
from control to MCI. Hence, disease-specific early physiological
changes are crucial for the miRNAs deregulation in cells.
Sequencing analysis of serum exosomes unveiled differential
expression of 17 miRNAs in the serum from 3 subject groups
(17). However, owing to low number of MCI subjects (n=11),
none of the exosomal miRNA was verified as biomarker for
disease progression (17). In present study, five miRNAs (miR-
455-3p, miR-4668-5p, miR-3613-3p, miR-4674 and mir-6722)
were selected for validation in order to determine potential bio-
marker. Results showed a remarkable variation of miR-455-3p
in AD serum samples, AD postmortem brains and AD mice, sug-
gesting that it is potential biomarker for AD. These five miRNAs
are known to have specific regulating roles in different diseases.
MIiR-455-3p has a role in colon cancer (25) and also participates
in chondrogenic differentiation (26) and cartilage development
and degeneration (27). In patients with preeclampsia, miR-455-
3p was also found to be linked with hypoxia signaling and the
regulation of brown adipogenesis via the HIFlan-AMPK-PGCla
signaling network (28,29). In familial amyotrophic lateral sclero-
sis, downregulation of miR-455-3p expression has been reported
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Figure 6. qRT-PCR analysis of AD postmortem brains. Specificity and expression of (A) miR-455-3p, (B) miR-3613-3p, (C) miR-4674, (D) miR-4668-5p and (E) mir-6722 in
AD postmortem brain tissues at Braak Stages (BS) IV, V and VI. Fold change was calculated by 2-22° method. Significant difference among groups were calculated by

one-way ANOVA with P < 0.05 is considered statistically significant.

in the sera of these patients (30). The roles of miR-3613-3p and
miR-4668-5p have been studied in the pathogenesis and pro-
gression of IgA nephropathy (31) and in mesial temporal lobe
epilepsy (32). In the plasma of AD patients, low levels of miR-
3613-3p were detected using RNA sequencing (33). However,
current study showed increased levels of miR-3613-3p in the se-
rum samples of AD patients. In hemolysis-free blood plasma
from prostatic cancer patients, an increased level of miR-4674
was reported (34). However, role of these miRNAs is not widely
reported in AD and other neurodegenerative diseases.

A recent analysis of biofluids (serum, plasma, CSF) from AD
patients revealed many miRNA potential biomarkers for AD,
such as miR-9, miR-125b, miR-146a, miR-181c, let-7g-5p and
miR-191-5p (11). However, their expression levels and molecular

characterizations were not investigated using postmortem
brains from AD patients and AD cell and mouse models.
Consequently, no miRNA has been identified as the most likely
biomarker for AD. In this current study, analysis of sera and cor-
tices from AD patients found a significant upregulation of miR-
455-3p. We attempted to replicate these observations in AD
postmortem brains, APP transgenic mice, and AD cell lines.
Interestingly, miR-455-3p expression was more significantly up-
regulated in the brains and sera from AD patients at Braak stage
who had the ApoE (3/4) genotype. These observations unveiled
a possible molecular interaction between miR-455-3p and the
ApoE4 genotype.

Another significant finding was that APP transgenic mice ex-
hibited AP pathologies (35,36) that corresponded to their high
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expression of miR-455-3p in the disease-affected brain cortex,
but not in other brain areas known not to be affected by disease,
such as the cerebellum. These findings indicate a possible mo-
lecular link between APP processing and miR-455-3p. This

Table 5. Characteristics of postmortem brain tissues from controls
and AD patients

Cases Gender  Age (years) Braak Stage PMI (h) ApoE
HC1 M 71 - 9 3/4
HC2 M 68 - 6.5 3/4
HC3 F 72 - 115 3/3
HC4 F 71 - 7.5 2/2
HC5 M 82 - 6.25 3/3
AD1 M 82 v - 3/4
AD2 M 62 v 5 3/3
AD3 M 78 v 7.5 3/4
AD4 M 91 v 8 3/3
ADS5 F 77 \Y% 4 3/4
AD6 F 86 \Y% 35 3/4
AD7 F 86 \% 5 3/4
ADS8 F 75 \% 4 3/4
AD9 F 80 \Y% 5 3/4
AD10 M 78 \% 7 3/4
AD11 M 74 VI 7 3/4
AD12 F 81 VI 6.25 3/3
AD13 F 83 VI 9.25 3/4
AD14 F 86 VI 6 3/4
AD15 M 84 VI 8 3/3
AD16 M 82 VI 5.25 3/4
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hypothesis was further tested on human and mouse neuroblas-
toma cells treated with toxic AB.42) peptides which mimics the
AD-type pathophysiology. Higher expression levels of miR-455-
3p in the AB_4y)-treated cells further support miR-455-3p as a
potential biomarker for AD. To the best of our knowledge, our
study is the first to identify miR-455-3p as a key molecule
expressing biomarker properties for AD. However, additional
research into this hypothesis is needed, including an investiga-
tion into better understanding the cellular mechanisms under-
lying how the expression of miR-455-3p responds so quickly to
disease process in AD patients.

MiR-455-3p expression is regulated by the TGF-f (37), and its
level of expression has been found to be induced by TGF-p1,
TGF-B3, and activin A in human SW-1353 chondrosarcoma cells
and murine C3H10T1/2 cells (28). The TGF-p signaling pathway
reported to play a critical role in AB processing in patients with
AD because reduced TGF-p signaling has been found to be in-
creased in AB deposits in patients with AD (38,39).

Through pathway analysis, the KEGG pathway was found to
regulate the TGF-f signaling pathway and eleven associated
genes by miR-455-3p (Fig. 10). As a consequence, miR-455-3p
might be interconnected with TGF-p signaling and A synthesis,
hence it might also play a crucial role in AD pathogenesis. MiR-
455-3p might also have a major regulatory role in other cellular
pathways through modulation of their genes in AD pathogenesis
(Fig. 7). 1t is possible that miR-455-3p may be involved in AD pro-
gression through altered expressions of HSPG2, THBS1, COL3Al1,
COL6A1, TNC, MYC, Smad2, RAN, PLK1, TP73, ACTN1 and IQGAP1
genes (39-47). However, further research is needed to understand
molecular links between miR-455-3p and AD progression.
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Figure 7. Specificity and sensitivity analysis. ROC curve analysis of miR-455-3p in (A) serum samples from AD patients and (B) AD postmortem brain tissue samples.
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Figure 8. qRT-PCR analysis of miR-455-3p in mice model. mmu-miR-455-3p expression in (A) cerebral cortex, (B) cerebellum and (C) serum of APP-mice compared with
wild-type mice. Fold change was calculated by 2 **“* method. Significant difference among groups were calculated by paired t-test with two-tailed P < 0.05 is consid-

ered significant.
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In summary, the detection of AD at the preclinical stage is
difficult owing to the lack of early detectable peripheral bio-
markers. Circulatory miRNAs in sera are potential candidates
for early detection of AD because their expressions change dur-
ing the course of disease progression. Several reports have iden-
tified miRNAs as biomarker candidates for AD detection, but as
yet, no single miRNA has been clinically verified as an effective
biomarker. Our microarray analysis of serum samples revealed
a significant upregulation of miR-455-3p expression—an upre-
gulation that correlated in the brain tissues from AD patients,
APP transgenic mice and AD cell lines. The findings reported in
this paper provide new information about miR-455-3p expres-
sion, suggesting a potential role for miR-455-3p as a peripheral
biomarker.

Materials and Methods
Study subjects

Sera and DNA samples were collected from patients under the
FRONTIERS project based at Garrison Institute on Aging (GIA),
Texas Tech University Health Sciences Center (TTUHSC). These
samples were obtained from 11 patients diagnosed with AD, 20
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patients with MCI and 18 healthy controls. The study protocol
was approved by the Institutional Review Board for FRONTIERS,
and all subjects provided informed written consent. All the bio-
specimens were stored at GIA Bio-Bank. Patient information on
demographic characteristics, medical history, biochemical pro-
files and their risk factors for AD was gathered with a standard-
ized questionnaire. Demographic and clinical characteristics of
subjects are listed in Table 1. After completing the question-
naire, all subjects underwent a detailed clinical examination to
evaluate them for inclusion and exclusion criteria established
by NINCDS-ADRDA. The inclusion criteria were: (i) 45 years and
above age, (ii) rural community based West Texas individuals
and (iii) all study participants have assessed for cognitive func-
tions. The exclusion criteria were: (i) individuals with strong
medication and (ii) too many health complications.

MiRNAs extraction

MiRNAs, including other small RNAs, were extracted from the se-
rum samples with the miReasy serum/plasma kit (Qiagen,
Germany) as per manufacturer’s instructions (16). Briefly, 200 pl
of serum samples were mixed with five volumes of a Qiazol lysis

$
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Figure 9. MiR-455-3p expression in cell lines. qRT-PCR analysis of hsa-miR-455-3p expression in (A) SHSY-5Y cells, and (B) mmu-miR-455-3p expression in N2a cells.
Fold change was calculated by 22 method. Significant difference among groups were calculated by paired t-test with two-tailed P < 0.05 is considered significant.
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Figure 10. KEGG pathway analysis of miR-455-3p. MiR-455-3p regulated pathways and target genes were identified using the sources microT-CDS and TarBase to clas-
sify KEGG pathway and GO category pathway with P<0.05. MiR-455-3p targeted pathway genes identified through literature survey that were implicated in AD

pathogenesis.
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Table 6. Summary of gQRT-PCR oligonucleotide primers used in measuring miRNA expression

miRNA DNA Sequence (5’ to 3) Base pairs

Hsa-miR-455-3p Forward primer GCAGTCCATGGGCATATACAC 68

Mmu-miR-455-3p Forward primer GCAGTCCACGGGCATATACAC 68

Hsa-miR-4674-3p Forward primer CTGGGCTCGGGACGCGCGGCT 68

Hsa-miR-4668-5p Forward primer AGGGAAAAAAAAAAGGATTTGTC 70

Hsa-miR-3613-3p Forward primer ACAAAAAAAAAAGCCCAACCCTTC 71

Hsa-mir-6722 Forward primer GGCCTCAGGCAGGCGCACCCGA 78
Reverse primer GGGTGGGCCAGGCTGTGGGGCG

U6 snRNA Forward primer CGCTTCGGCAGCACATATACTAA 75
Reverse primer TATGGAACGCTTCACGAATTTGC

snoRNA-202 Forward primer AGTACTTTTGAACCCTTTTCCA 69

reagent and an equal volume of chloroform, and centrifuged to
separate the aqueous phase. MiRNAs accumulated in the aque-
ous phase were precipitated with 100% ethanol. MiRNAs were
washed with a buffer and 80% ethanol, and purified miRNAs
were eluted in 15 pl of RNase-free water. RNA quality and quan-
tity were measured by NanoDrop2000c (Thermo Scientific, USA).

Levels of serum miRNAs

Total RNA was extracted from 40 serum sample for microarray
analysis, the concentration of miRNAs (10-40 nucleotides) and
small RNAs (0-257 nucleotides), and the ratio of miRNAs to small
RNAs in each sample were analyzed. The RNA levels were calcu-
lated by an Agilent 2100 Bioanalyzer (Agilent Technologies)
(Supplementary Material, Fig. S1). The average concentration of
miRNAs in AD patients was 89.1 pg/ul, in MCI subjects, 132.7 pg/ul
and in controls was 119.3pg/ul. The average concentration of
small RNAs was 186 pg/ul in AD patients, 248.5 pg/ul in MCI sub-
jects and 240.2 pg/ul in controls. Similarly, the ratios of average
miRNAs to small RNAs in the samples were 49.1, 54.9 and 49.8%
in AD patients, MCI subjects and in controls, respectively
(Supplementary Material, Table S4). These results indicated that
miRNA output was greater in the MCI subjects.

Primary miRNAs screening by Affymetrix microarray

Detailed miRNAs screening of the serum samples were con-
ducted in the University of Texas Southwestern Medical Center,
Genomics and Microarray Core Facility, Dallas. The miRNA ex-
pression profiles were generated with Affymetrix GeneChip
miRNA array v. 4.0 (Affymetrix). The GeneChip miRNA 2.0 arrays
contain a 100% miRBase version 20 coverage: 30424 mature
miRNAs were from all organism; 5214 from human, rat and
mouse miRNAs; and 1996 from human snoRNA and scaRNA. It
also provided 3770 probe sets that are unique to human, mouse
and rat pre-miRNA hairpin sequences. The GeneChip miRNA 4.0
array demonstrated superior performance with 0.95 reproducibil-
ity (inter- and intra-lot) and >80% of transcripts were detected at
1.3 amol from 130ng of total RNA. Data were represented by the
GeneChip miRNA 4.0 array in 4 logs that correlated with a dy-
namic range of >0.97 signal and >0.94-fold change.

Briefly, 8 pl of total RNA was treated for poly (A) tailing reac-
tion at 37°C for 15 min as per the protocol. A 4 pl of 5x Flash Tag
Biotin HSR ligation mix was added to poly (A) tailed RNA, and
the mixture was incubated at 25°C for 30 min, using the Flash
Tag Biotin HSR Labeling kit following the manufacturer’s in-
structions (cat. no. HSR30FTA; Genisphere, LLC, Hatfield, PA,
USA). Biotin HSR that labeled with RNA was mixed with an array

hybridization cocktail according to the GeneChip Eukaryotic
Hybridization control kit manual and was processed using the
Affymetrix GeneChip miRNA array. Samples were incubated on
the hybridization array chip at 48°C and 60rpm for 16-18h.
After hybridization, the chips were washed and stained by
GeneChip hybridization, washed again and then stained with
an Affymetrix kit according to the manufacturer’s protocols.
The hybridized chips were scanned with an Affymetrix GCS
30007G Scanner (48).

Microarray data analysis

Raw data were obtained, using the Affymetrix GeneChip array
in the form of an individual CHP file. Each sample was then ana-
lyzed, using Transcriptome Analysis Console software v. 3.
Tukey’s bi-weight average (log2) intensity was analyzed with an
ANOVA P-value (<0.05) and FDR P-value (<0.05) for all condi-
tions, for all genes in the samples from AD, MCI and control
group. SAM (significance analysis of microarray) with the R
package was used to identify differentially expressed miRNA
and gene probe sets in samples from the AD patients and the
controls. Probe sets were considered biologically significant if
the fold changes were 2 (49).

Validation of serum miRNAs expression using qRT-PCR

Polyadenylation

One microgram of total RNA was polyadenylated with an
miRNA First-Strand cDNA synthesis kit (Agilent Technologies
Inc.,, CA, USA), following the manufacturer’s instructions.
Briefly, a polyA reaction was prepared by mixing RNA with 4.0 ul
of 5x poly A polymerase buffer, 1.0 ul of rATP (10mM), 1 pl of E.
coli poly A polymerase, producing a final volume of 20 pl with
RNase-free water. The tube with these components was incu-
bated at 37°C for 30 min, followed another incubation at 95°C for
Smin to terminate the adenylation reaction (50).

cDNA synthesis

Ten microliters of polyadenylated miRNAs were processed for
cDNA synthesis with the miRNA First-Strand cDNA synthesis
kit (Agilent Technologies Inc.). The following reaction compo-
nents were combined in a tube: 2 pl of 10x AffinityScript RT buf-
fer, 0.8l of ANTP mix (100mM), 1pul of RT adaptor primer
(10 uM), 1.0 pl of AffinityScript RT/RNase Block enzyme and poly-
adenylated RNA. The combination resulted in a reaction volume
of 20 ul RNase-free water. This reaction mixture was incubated
at 55°C for 5min, then at 25°C for 15 min, followed by an incuba-
tion at 42°C for 30 min and a final incubation at 95°C for 5min in
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a Veriti 96 well thermal cycler (Applied Biosystems, USA).
Resulting cDNAs were diluted with 20l of RNase-free water
and stored at 80°C for further analysis.

qRT-PCR for miRNAs

gRT-PCR reaction was performed by preparing a reaction mix-
ture containing 1ul of miRNA-specific forward primer (10 um),
1pl of a wuniversal reverse primer (3.125pm) (Agilent
Technologies Inc., CA, USA), 10 ul of 2X SYBR® Green PCR master
mix (Applied Biosystems, NY, USA) and 1pul of cDNA. To this
mixture RNase-free water was added up to a 20 ul final volume.
Primers for hsa-miR-455-3p, miR-4674, miR-3613-3p, miR-4668-
S5p and mir-6722 were synthesized commercially (Integrated
DNA Technologies Inc., IA, USA) (Table 6).

To normalize the miRNA expression, U6 snRNA (small nu-
clear RNA) expression was also quantified in the serum sam-
ples, which was used as an internal control. The reaction
mixture of each sample was prepared in triplicates. The reac-
tion was set in the 7900HT Fast Real Time PCR System (Applied
Biosystems, USA) using following reaction conditions: initial de-
naturation at 95°C for 5min, denaturation at 95°C for 10s, an-
nealing at 60°C for 15s and extension at 72°C for 25s. The
relative levels of miRNAs in the AD patients versus the controls
and versus the MCI subjects were determined in terms of their
fold change, using the formula (2-24“), where ACt was calcu-
lated by subtracting Ct of U6snRNA from the Ct of particular
miRNAs, and AACt value was obtained by subtracting ACt of
particular miRNAs in the controls from the ACt of miRNAs in
the AD and MCI. gRT-PCR was performed in triplicate, and the
data were expressed as the mean + SD (50,51).

Postmortem brains from AD patients

Postmortem brain tissues were obtained from the GIA Brain
Bank. The frontal cortices of the postmortem brains were dis-
sected from the AD patients (n=16) and controls (n=5).
Demographic details of study participants were given in Table 5.
The study protocol was approved by the Institute Ethical
Committee at TTUHSC, and brain tissue was obtained after
written informed consent from the deceased’s relatives.

MiRNAs extraction and qRT-PCR

MiRNAs extraction and cDNA synthesis were followed as de-
scribed above, while total RNA was isolated from the 80mg of
frontal cortices using the TriZol RT reagent (Ambion, USA) as
per the manufacturer’s instructions. Briefly, tissue samples
were homogenized in 1ml of TriZol reagent with Bio-Gen
PRO200 Homogenizer (PRO Scientific Inc., CT, USA) in a 2-ml
RNase-free tube. Chloroform (0.2 ml) was added to the tissue ho-
mogenate, vigorously shaken for 15s and stored for 5min at
room temperature. The mixture was then centrifuged at 12 000g
for 15min at 4°C. The supernatant was transferred to a new
tube and precipitated with 0.5ml of isopropanol for 15min at
room temperature. Samples were centrifuged at 12000g for
10min at 4°C. The resulting RNA pellet was washed with 1 ml of
75% ethanol and centrifuged at 75009 for 5min at 4°C. The RNA
pellet was dried and dissolved in 20l of DEPC-treated water.
The quality and quantity of the RNA were analyzed by
NanoDrop analysis. The value of absorbance of each brain RNA
sample (Azeo/Azgo) Was 1.8-2.0. cDNA was synthesized from 1ug
of RNA using miRNA First-Strand cDNA synthesis kit (Agilent
Technologies Inc.). gqRT-PCR were analyzed for miR-455-3p,

miR-4674, miR-3613-3p, miR-4668-5p and mir-6722 as described
previously.

Animal models

Amyloid-p transgenic (APP) mice were generated with the mu-
tant human APP gene 695-amino-acid isoform and a double mu-
tation (Lys®°Asn and Met®’'Leu) (35). The APP mouse model
exhibits age-dependent Ap plaques as well as a distribution of
AR plaques in the cerebral cortex and the hippocampus, but not
in the striatum, the deep gray nuclei and the brain stem.
Disease in this mouse model parallels AD in that elevated
amounts of soluble Ap correlate with increased free-radical pro-
duction, and the A plaques evoke a microglial reaction in their
immediate vicinity. Cerebral cortex tissues were collected from
6-month-old APP transgenic mice (n=6) and age-matched, non-
transgenic wild-type mice (n=6). To determine transgene-
positive mice to model the human APP, genotyping was per-
formed in accordance with the TTUHSC Policy on Genotype
Tissue Collection, using the DNA prepared from tail biopsy and
PCR amplification (35). All mice were observed daily by a veteri-
nary caretaker and also examined twice weekly by laboratory
staff. If any mice showed premature signs of neurological dete-
rioration, they were euthanized before experimentation accord-
ing to euthanasia procedure approved by the TTUHSC-IACUC
and were not used in the study.

Amyloid-f;_4,) treatment to cell lines

Human neuroblastoma (SH-SY5Y) and mouse neuroblastoma
(N2a) cell lines were purchased from American Tissue Type
Collection (ATCC) (Virginia, USA). Cells were grown in a medium
(1:1) Dulbecco’s modified eagle’s medium and minimum essen-
tial medium, 5% fetal bovine serum, 1x penicillin and strepto-
mycin) at 37°C in a humidified incubator with a 5% CO,
environment. After the cells were seeded, they were allowed to
grow for 24-48h or until 80% confluence in 6-well plates. They
were then used for experimentation. Two different groups of
cells were used: (i) untreated SH-SY5Y/N2a cells and (ii) A4z
peptide treated SH-SY5Y/N2a cells. They were incubated with
the AP(142) peptide (20mM final concentration) in triplicate for
6h. Both groups of cells were harvested after treatment and pro-
cessed for total RNA extraction and miR-455-3p quantification.

MiRNAs pathway analysis

MiRNAs that were associated with signaling pathways were an-
alyzed with the miRPath v3.0 web server algorithm (52). Briefly,
species was defined as ‘human, mouse’ and miR-455-3p, miR-
4674, miR-3613-3p, miR-4668-5p and mir-6722 were entered.
MiRNAs that target genes and biological pathways were ana-
lyzed, using microT-CDS and TarBase to classify the GO cate-
gory, the P<0.05 of the KEGG pathway enrichment, and the
microT-CDS threshold (0.8). The miRNA-targeted genes in
different KEGG molecular pathways were ranked according to
their P-value. The FDR P<0.05 was considered statistically
significant.

Statistical analysis

The qRT-PCR validation analysis was based on the 2 **“T value

of genes in each sample from AD, MCI subjects and controls.
Statistical analysis was performed with Prism software, v, 6
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(La Zolla, CA). P-value was calculated, based on the paired and
unpaired t-tests for analyzing two groups and using one-way
comparative analysis of variance (ANOVA) when comparing be-
tween more than two groups. P <0.05 was considered statisti-
cally significant.

Supplementary Material

Supplementary Material is available at HMG online.
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