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Abstract.
Background: Late-onset or sporadic Alzheimer’s disease (sAD) is a neurodegenerative disease leading to cognitive impair-
ment and memory loss. The underlying pathological changes take place several years prior to the appearance of the first
clinical symptoms, however, the early diagnosis of sAD remains obscure.
Objective: To identify changes in circulating microRNA (miR) expression in an effort to detect early biomarkers of underlying
sAD pathology.
Methods: A set of candidate miRs, earlier detected in biofluids from subjects at early stage of sAD, was linked to the proposed
tau-driven adverse outcome pathway for memory loss. The relative expression of the selected miRs in serum of 12 cases
(mild cognitive impairment, MCI) and 27 cognitively normal subjects, recruited within the ongoing Aiginition Longitudinal
Biomarker Investigation Of Neurodegeneration (ALBION) study, was measured by RT-qPCR. Data on the protein levels of
amyloid-� (A�42) and total/phosphorylated tau (t-tau/p-tau), in cerebrospinal fluid (CSF), and the cognitive z-scores of the
participants were also retrieved.
Results: Each doubling in relative expression of 13 miRs in serum changed the odds of either having MCI (versus control),
or having pathological A�42 or pathological A�42 and tau (versus normal) proteins in their CSF, or was associated with the
global composite z-score.
Conclusion: These candidate human circulating miRs may be of great importance in early diagnosis of sAD. There is an
urgent need for confirming these proposed early predictive biomarkers for sAD, contributing not only to societal but also to
economic benefits.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
form of dementia, affecting around 5–8% of the gen-
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eral population, above the age of 65 years, worldwide
[1]. Late-onset or sporadic AD (sAD), accounting
for >95% of AD cases, is a progressive neurode-
generative and multifactorial disease, characterized
by irreversible brain damage leading to deterioration
of cognitive function and memory loss, as the main
first symptoms. Memory deficits can cause behavioral
changes and difficulty in carrying out daily functions
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in affected individuals. The rate of cognitive decline
has been strongly associated with mortality in AD
patients [2]. Four stages of AD’s cognitive decline,
preclinical, mild, moderate, and late stage, have been
already described [3]. Two specific brain regions of
the medial temporal lobe, hippocampus, and entorhi-
nal cortex, responsible for memory and learning
processing, are the main targets for assessing the
early signs of sAD pathology [4]. There is evidence
that the risk for developing mild cognitive impair-
ment (MCI) and dementia is greater in individuals
with subjective cognitive decline [5]. The early phase
of the AD development is asymptomatic (silent) and
takes several years (>10 years) before the manifesta-
tion of cognitive impairment and the appearance of
the first clinical symptoms [6]. Although many efforts
have been made for developing efficient approaches
to understand the initiation and/or progression of sAD
pathology, the current prognosis and diagnosis of
sAD at early stage remain poor. The existing meth-
ods for the detection of the early stage of sAD are
inaccurate and the available treatment for the disease
is ineffective. Therefore, there is an urgent need for
identification of biomarkers used for the detection of
early sAD.

Compiling evidence supports the great importance
of studying microRNAs (miRs), non-coding RNAs,
approximately 22 nucleotides in length, known
as master regulators of gene expression at post-
transcriptional level, in a wide range of physiological
and pathological processes, from development to
diseases [7, 8]. In particular, circulating miRs can
serve promising molecular biomarkers for many
diseases, not only due to their easy and non-invasive
detection, but also for their extreme stability in
biofluids (e.g., blood, serum, plasma) [9]. Several
altered miRs have been shown to be associated with
AD pathology, but most of them have been detected
in blood or brain tissue of subjects at late stage of AD
[10]. Only limited data on the changes of circulating
miRs at early phase of AD are available. Apparently,
the collection of blood samples of subjects at the
early phase of cognitive impairment seems very
challenging due to the lack of clinical signs of the
cognitive decline as at this stage.

In the current clinical practice, AD diagnosis
is based on the combination of different types of
examinations, including clinical examinations, brain
imaging (e.g., magnetic resonance imaging, MRI),
different neuropsychological tests (e.g., the Mini-
Mental State Examination, MMSE), and biochemical
measurements of total and phosphorylated tau protein

(t- and p-tau), and of 42-amino acid peptide (amyloid-
�, A�42) in cerebrospinal fluid (CSF), using invasive
and/or non-invasive methods [11, 12]. Although the
measurement of proteins in CSF and imaging tech-
niques could be considered promising diagnostic
approaches, they are not appropriate for primary
screening or monitoring purposes due to their inva-
siveness and high costs [13].

Remarkably, in the existing studies in literature, of
which the focus is on the investigation of the potential
implication of miRs in the early stage of sAD patho-
genesis, the classification for the cognitive state of
the study participants is often imprecise and vague.
In addition, there is no consensus on the applied meth-
ods for the characterization of the cognitive state of
patients in clinical trials. This may lead to false con-
clusions with regards to the implication of miRs in
the early stage of AD.

In the present study, we evaluated detectable
changes in human circulating miRs referring to early
phase of sAD pathology from publicly available
human studies. A set of miRs involved in processes
linked to memory loss, as proposed by the recently
constructed tau-driven adverse outcome pathway
(AOP) [14], was first selected, and further, their miR
expression in serum collected from MCI and cogni-
tively normal subjects, within the ongoing Aiginition
Longitudinal Biomarker Investigation Of Neurode-
generation (ALBION) cohort study, was measured.
The potentially observed changes in circulating miR
expression can definitely help to fill in the gap in the
identification of biomarkers for the early detection
and/or diagnosis of sAD, and additionally may con-
tribute to the development of therapeutic treatments
for alleviating the symptoms of people with sAD at
early phase.

MATERIALS AND METHODS

Selection of candidate miRs

First, we reviewed 14 publicly available human
studies (Supplementary Table 1) on circulating miRs,
detected in blood, serum, plasma and/or CSF, with
sufficient evidence for their involvement in early
stage of AD. In these selected studies, miR profiles
of study populations comprised of cases (i.e., early
AD, or MCI subjects) and controls (i.e., healthy sub-
jects) with known MMSE scores, were compiled.
Next, we selected a list of miRs, which were linked
to the molecular processes related to memory loss,
as earlier described in the proposed tau-driven AOP
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for memory loss [14, 15]. These miRs were also
confirmed by both functional analysis and litera-
ture search to be linked to the proposed hypothetical
starting point and/or key events of this suggested tau-
driven AOP. A list of 36 miRs was initially selected
for this study (Supplementary Table 2).

Study participants

Participants were recruited from the ongoing
ALBION study, which was approved (approval
number: ��6K46�8N2-8H�) by the Institutional
Review Board of the Aiginition University Hospital
of Athens, in Greece [16]. All participants provide
written informed consent when they are enrolled. The
study participants aged 40 years or older, who are
either referred by other specialists or self-referred
to the cognitive disorders’ outpatient clinic of a
tertiary university Aiginition hospital, due to their
possible subjective memory complaints or positive
family history, or as a self-commitment to contribut-
ing to medical science. The clinical diagnosis is
always performed by a specialist neurologist after
an extensively standardized neurological assessment.
Only individuals diagnosed as cognitively normal
or with MCI, based on established diagnostic crite-
ria, are included in the study, as elsewhere referred
[17]. The diagnosis of the cognitive status is based
on DSM-IV-TR criteria, the diagnosis of probable
or possible AD is based on the National Insti-
tute of Neurological and Communicative Disorders
and Stroke/Alzheimer Disease and Related Disor-
ders Association (NINCDS/ADRDA) criteria, and
the diagnosis of MCI (and MCI subtypes) is based
on the subjective memory complaint and objective
impairment in at least one cognitive domain (mem-
ory, executive-speed, visual-spatial, language, and
combinations) [16]. The same criteria for the diag-
nosis of MCI have been used in previous published
papers from the HELIAD study, an epidemiological
study conducted in Greece [18, 19]. Based on the
study’s inclusion criteria, a MCI diagnosis is con-
sidered when the participant experiences cognitive
complaints with a measurable decline in cognitive
function with a standard deviation (SD) below 1.5 in
at least on one cognitive domain, in the absence of
dementia or impairment in daily functioning [20].

A global neuropsychological composite z-score
derived from the outcomes of individual cognitive
domain scores (memory, language, attention-speed,
executive and visuospatial functioning) was calcu-
lated, as previously described [21]. The scores of

each cognitive test were converted into z-scores,
using the mean and standard deviation values
of the participants who did not have dementia
or MCI.

Our study population, consisted of 12 MCI and 27
cognitively normal subjects, was recruited between
December 2018 and March 2022. The study partic-
ipants were followed-up almost every year, where
their cognitive state was re-assessed. Based on the last
obtained cognitive re-assessment data, which varied
among the participants from 1 to 4 years follow-up,
three of the cognitively normal were diagnosed with
cognitive impairment (mild or dementia), while two
of the subjects with a diagnosis of MCI were shown
to be cognitively normal.

In addition, CSF biomarker data were also gathered
for the study participants. CSF was collected by lum-
ber puncture during the 1st visit. The protein levels of
amyloid-� 1–42 (A�42), phosphorylated tau at thre-
onine 181 (p-tau), and total tau (t-tau) in CSF were
measured by ELISA and automated Elecsys® assays
(Roche Diagnostics) [20]. A classification method
based on the absence or the presence of pathological
levels of only A�42, or A�42 and p-tau and/or t-tau,
using the reference ranges (abnormal values: A�42
<480 pg/ml, t-tau>195 pg/ml, and p-tau >61 pg/ml,
performed by Aristoteleio, and A�42 <1000 pg/ml,
t-tau >300 pg/ml, and p-tau >27 pg/ml, p-tau/A�42
>0.024 and t-tau/ A�42 >0.28, performed by EPAD-
Lasira), elsewhere described [20], was considered for
this study.

Serum sample collection

During the 1st visit at the memory clinic, 35 ml
blood were drawn from the participants, without fast-
ing. Serum was collected in tubes with gel, followed
by centrifugation in 2000 g for 10 min. After cen-
trifugation, the serum was aliquoted and stored at
–80◦C.

RNA isolation

Total RNA and miR were extracted from the
serum samples using the miRNeasy Serum/Plasma
Kit (Qiagen, Venlo, Netherlands) according to the
manufacturer’s protocol. RNA quality control was
assessed using Agilent 2100 Bioanalyzer (Agilent
Technologies, Amstelveen, Netherlands). Extracted
RNA was stored at –80◦C until further applications.
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Table 1
Demographic characteristics of the study population (n = 39). Data are presented either as
mean (±SD) or as frequency (%). The calculated z-scores in individual cognitive domains,
including memory (ZME), language (ZLA), executive functioning (ZEX), visuospatial
(ZVS) and attention-speed (ZAS) processing, and the composite z-score (ZCO) for the study
participants, during the 1st visit of the participants (at baseline), and the measured

relative miR expression (log2) in serum, are also provided

Characteristics MCI (n = 12) Control (n = 27) p$

Age, y 69.00 ± 6.40 63.37 ± 7.95 0.042
Sex, women 58.33% 81.48% 0.126
Duration of education, y 11.25 ± 3.85 14.04 ± 3.83a 0.05
MMSE, score 27.30 ± 1.85b 29.15 ± 1.03a 0.015
Cognitive z-score

Memory (ZME) –1.86 ± 0.79b 0.08 ± 0.60a <0.0001
Language (ZLA) –1.17 ± 1.05c 0.22 ± 0.69a 0.004
Executive (ZEX) –1.01 ± 1.64d 0.07 ± 1.17b 0.17
Visuospatial (ZVS) –0.33 ± 0.89b –0.24 ± 1.05a 0.82
Attention-speed (ZAS) –1.83 ± 1.92b 0.08 ± 0.93b 0.012
Composite (ZCO) –1.39 ± 0.81b 0.04 ± 0.60a 0.0002

Relative miR expression
let-7d-5p –0.51 ± 1.56 –0.42 ± 1.95 0.89
let-7g-5p –1.04 ± 0.95 –0.65 ± 1.32 0.37
miR-15a-5p 0.18 ± 1.74 –0.26 ± 1.17 0.36
miR-26a-5p –0.73 ± 0.64a –0.42 ± 1.02 0.36
miR-26b-5p –0.27 ± 0.84a 0.04 ± 1.05 0.39
miR-29a-3p –0.34 ± 2.14 –0.43 ± 1.54a 0.87
miR-30b-5p –0.60 ± 0.99a –0.55 ± 1.25 0.90
miR-93-5p 0.40 ± 1.18 –0.05 ± 1.35 0.32
miR-101-3p –0.39 ± 2.14 –0.32 ± 1.20 0.92
miR-103a-3p 0.81 ± 1.56 0.23 ± 1.62 0.30
miR-125b-5p –0.18 ± 1.16 –0.10 ± 0.81 0.80
miR-128-3p 0.12 ± 0.57a –0.16 ± 1.07 0.31
miR-132-3p –0.57 ± 1.80 0.22 ± 1.88 0.23
miR-143-3p –0.62 ± 1.91 –0.16 ± 1.28 0.38
miR-146a-5p 0.17 ± 1.08 0.47 ± 1.17 0.46
miR-148a-3p –0.10 ± 1.33a –0.02 ± 1.18 0.86
miR-151a-5p –0.29 ± 0.80a –0.64 ± 0.87a 0.26
miR-181c-5p –0.20 ± 0.80a 0.14 ± 1.27 0.42
miR-191-5p 0.49 ± 1.33a –0.33 ± 2.16 0.26
miR-210-3p –0.12 ± 1.24b 0.59 ± 1.51e 0.20
miR-335-5p –0.55 ± 1.14 –0.78 ± 2.21 0.66
miR-484 0.52 ± 0.79a –0.18 ± 1.49 0.068
miR-486-5p 0.49 ± 1.89 0.39 ± 1.42 0.86

aMissing value for 1 subject; bMissing values for 2 subjects; cMissing values for 3 subjects; dMissing
values for 6 subjects; eMissing values for 5 subjects. $p-values are determined by either two samples
t-test (for the continuous variables) or Chi-square test (for the categorical variables), between MCI
and Control groups.

Reverse transcription and relative miR
expression analysis

Two �L of the total RNA were reverse transcribed
with TaqMan Advanced miRNA cDNA synthesis
kit (ThermoFisher Scientific, MA, USA) based on
the manufacturer’s instructions. The cDNA was syn-
thetized by 3’poly(A)tailing and 5’ligation of an
adaptor sequence to extend the mature miRNAs
present in the sample at each end prior to reverse
transcription. A pre-amplification step, using uni-
versal miR-Amp primer and miR-Amp master mix,

followed by reverse transcriptase (RT) in order to uni-
formly increase the amount of cDNA for each target,
maintaining the relative differential expression levels.
Taqman Advanced miRNA assays (ThermoFisher
Scientific, MA, USA) were used to measure each tar-
get by RT-qPCR, using CFX384 Bio-Rad. Reactions
were performed in 384-well plates, with a total vol-
ume of 10 �L per reaction well, with the following
cycling conditions: 95◦C for 20 s (enzyme activa-
tion), 40 cycles of 95◦C for 3 s (denaturation), and
60◦C for 30 s (annealing/extension). An exogenous
spike-in control (cel-miR-39-3p) and an endogenous
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control (hsa-miR-24-3p) were used for normalization
as recommended by the manufacturer. Initially, hsa-
miR-484 was also selected as endogenous control,
but due to its strong association with the outcome
in our analysis, was eventually considered as target
of interest. Inter-run calibrators (IRCs) were applied
for different runs of the same miR assay. Informa-
tion of the measured mature miR assays are provided
in Supplementary Table 3. The obtained raw cycles
of quantification (Cq) values of the measured target
miRs were normalized against the geometric mean of
the Cq of the control miRs. The relative miR expres-
sion was calculated by 2–��Cq method. All samples
were analyzed in triplicates, using a cut-off of �Cq
smaller than 0.5. When one of the replicates did not
meet the criteria, then only two replicates were taken
into account. Out of the 36 initially selected miRs,
only 23 miRs assays were included in our study
(Supplementary Table 4), while 13 miR assays were
excluded from our selection because of their ampli-
fication inefficiency or due to the inconsistent Cq
values among their replicates.

Re-measurement of relative miR expression

Using a different RNA isolation kit, the miRNeasy
Mini Kit (Qiagen, Germany), total RNA was
extracted from the same serum samples (n = 39)
following the manufacturer’s protocol. A synthetic
RNA oligonucleotide mix obtained from the miR-
CURY Spike-In kit (Qiagen, Germany) was added
to each sample at equimolar amounts prior to RNA
extraction. These spike-ins were subsequently used
to monitor RNA extraction efficiency. The extracted
total RNA and miR were stored at –80◦C until further
analysis.

Further, from total RNA samples, cDNA was
synthesized using the miRCURY RT Kit (Qiagen,
Germany). Reaction conditions were set according
to recommendations by the manufacturer and 2 �L
of total RNA was used as input in a 10 �L reac-
tion. Quantitative RT-PCR reactions were set up
using miRCURY SYBR® green master mix with a
1:50 diluted cDNA and commercial LNA-enhanced
primer assay. Reactions were performed in a 384-well
primer spotted plates in a Roche LC480 II instrument
(Roche, Germany), with the following temperature
settings: 95◦C for 10 min, 45 cycles of 95◦C for 10 s,
and 60◦C for 60 s. Using the obtained Cq values, the
relative miR expression was calculated, as aforemen-
tioned, normalizing against the geometric mean of
an exogenous spike-in control (cel-miR-39-3p) and

an endogenous control (hsa-miR-24-3p), as followed:
�Cq = Averaged Cq-geomean – Average Cq-miR.

Statistical analysis

The relative expression of the miRs was expressed
as log2-transformed. Using SAS program (v. 9.4),
logistic regression models were performed, consider-
ing relative miR expression as the predictor variable
and the odds of having MCI versus Control, as
dichotomous outcome variable. For each doubling
in the predictor (relative miR expression), the log
odds of the outcome (MCI versus Control) changed
by a factor corresponded to the obtained estimates
(�, regression coefficient). Linear regression analysis
was used for the associations between the compos-
ite z-scores (at the 1st visit) and the relative miR
expression in serum, per each 1-unit increase in rel-
ative miR expression in serum. Lastly, multinomial
logistic regression analysis was performed to explore
the changes in the odds of having only pathological
A�42 or having pathological A�42 and tau versus nor-
mal protein levels in CSF, per each doubling in the
relative miR expression. All models were adjusted
for potential covariates including age, sex, and years
of education. Statistical significance (p-value) was
set at 0.05. However, findings with a less stringent
cut-off (p-values <0.2), are also discussed, consid-
ering the small sample size, which may lead to
clinically insignificant findings. Receiver operating
characteristic (ROC) analysis was used to determine
the diagnostic accuracy of miRs as obtained by the
area under the curve (AUC) for distinguishing sub-
jects with a diagnosis of MCI from cognitively normal
subjects.

RESULTS

Study population

In this study, 12 MCI and 27 cognitively normal
subjects (Control), were included. As it is shown in
Table 1, the average age (±SD) for the MCI subjects
was 69.00 (±6.40) years and for the cognitively nor-
mal subjects 63.37 (±7.95) years. In Control group,
most (81.48%) of the participants were women, while
in MCI group, the 58.33%. The averaged years of
education were 11.25 (±3.85) and 14.04 (±3.83) for
the MCI and Control group, respectively. The MMSE
scores were within the range of 28.12–30.18 for the
Control group, whereas 25.55–29.15 for the MCI
group.
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Table 2
Changes (%) in odds of having MCI (versus Control), per each
doubling in relative miR expression in serum. Models were cor-
rected for sex, age, and years of education. Odds ratios (OR), 95%
confidence intervals (95% CI; lower to upper limit) and p-values
are provided. When p-value <0.2, the miRs are indicated in bold

and underlined

miRs OR (95%CI) p

let-7d-5p 0.90 (0.67 to 1.22) 0.51
let-7g-5p 0.76 (0.45 to 1.29) 0.31
miR-15a-5p 1.13 (0.73 to 1.76) 0.58
miR-26a-5p 0.75 (0.39 to 1.43) 0.38
miR-26b-5p 0.84 (0.50 to 1.43) 0.53
miR-29a-3p 0.87 (0.63 to 1.20) 0.40
miR-30b-5p 0.88 (0.55 to 1.40) 0.59
miR-93-5p 1.32 (0.83 to 2.08) 0.24
miR-101-3p 0.94 (0.67 to 1.31) 0.72
miR-103a-3p 1.13 (0.80 to 1.60) 0.49
miR-125b-5p 0.89 (0.49 to 1.60) 0.70
miR-128-3p 1.24 (0.59 to 2.60) 0.56
miR-132-3p 0.62 (0.40 to 0.96) 0.033
miR-143-3p 0.73 (0.47 to 1.11) 0.142
miR-146a-5p 0.76 (0.44 to 1.30) 0.31
miR-148a-3p 0.99 (0.62 to 1.57) 0.97
miR-151a-5p 1.80 (0.80 to 4.05) 0.157
miR-181c-5p 0.70 (0.40 to 1.21) 0.20
miR-191-5p 1.27 (0.90 to 1.79) 0.174
miR-210-3p 0.71 (0.42 to 1.20) 0.20
miR-335-5p 0.98 (0.75 to 1.28) 0.89
miR-484 1.65 (0.96 to 2.81) 0.067
miR-486-5p 1.02 (0.71 to 1.45) 0.92

Among the described characteristics of the par-
ticipants, age [69.00 (6.40) versus 63.37 (7.95);
p = 0.042], duration of education (in years) [11.25
(3.85) versus 14.04 (3.83); p = 0.05], and MMSE
scores [27.30 (1.85) versus 29.15 (1.03); p = 0.015],
were shown to be statistically significant different
between MCI and Control group. With regards to
the cognitive z-scores, there was statistically strong
difference between the MCI and Control group, in
memory z-score [–1.86 (0.79) versus 0.08 (0.60);
p < 0.0001], language z-score [–1.17 (1.05) versus
0.22 (0.69); p = 0.004], attention-speed functioning
z-score [–1.83 (1.92) versus 0.08 (0.93); p = 0.012]
and composite z-score [–1.39 (0.81) versus 0.04
(0.60); p = 0.0002]. As for the difference in the mea-
sured relative miR expression, a p-value very close
to significance (p = 0.068) in the relative miR-484
expression between the MCI and control group, was
observed.

Based on the most updated re-assessment data
obtained during the yearly follow-up of the study
participants, 10 subjects had a diagnosis with cog-
nitive impairment (either mild or dementia), while
20 subjects were cognitively normal. No follow-up
data were available for 9 of the study participants.

Table 3
Associations between the global composite z-score (at baseline)
and the relative miR expression in serum. Estimates (�) with
95% confidence intervals (CI) and their p-value, for each one unit
increase in the relative miR expression in serum, are provided. The
model was adjusted for age, sex, and years of education. MiRs with

p-value <0.2 are indicated in bold and underlined

MiRs � (95%CI) p

let-7d-5p 0.03 (–0.12 to 0.19) 0.66
let-7g-5p 0.05 (–0.18 to 0.29) 0.65
miR-15a-5p –0.03 (–0.25 to 0.20) 0.81
miR-26a-5p 0.04 (–0.17 to 0.26) 0.69
miR-26b-5p 0.06 (–0.21 to 0.32) 0.67
miR-29a-3p 0.06 (–0.11 to 0.23) 0.49
miR-30b-5p 0.02 (–0.25 to 0.28) 0.90
miR-93-5p –0.06 (–0.32 to 0.21) 0.66
miR-101-3p 0.05 (–0.13 to 0.23) 0.61
miR-103a-3p –0.02 (–0.21 to 0.17) 0.81
miR-125b-5p –0.03 (–0.36 to 0.30) 0.85
miR-128-3p –0.16 (–0.55 to 0.23) 0.41
miR-132-3p 0.08 (–0.08 to 0.25) 0.30
miR-143-3p 0.09 (–0.09 to 0.27) 0.30
miR-146a-5p –0.09 (–0.34 to 0.17) 0.48
miR-148a-3p –0.07 (–0.35 to 0.20) 0.59
miR-151a-5p –0.25 (–0.56 to 0.06) 0.111
miR-181c-5p 0.10 (–0.15 to 0.35) 0.43
miR-191-5p –0.13 (–0.26 to 0.01) 0.060
miR-210-3p 0.10 (–0.14 to 0.34) 0.40
miR-335-5p –0.05 (–0.19 to 0.09) 0.48
miR-484 –0.14 (–0.36 to 0.08) 0.21
miR-486-5p 0.01 (–0.18 to 0.20) 0.90

Regarding the CSF biomarker data, using the
classification method, based on the absence, or pres-
ence of CSF pathological proteins, A�42 and/or tau,
as elsewhere mentioned [20], 13 subjects had nor-
mal levels of A�42 and/or tau, 7 subjects had only
pathological levels of A�42, and 6 subjects had patho-
logical levels of A�42 and tau, in their CSF. No CSF
data for 13 subjects were available.

miR expression as predictor for having MCI

In Table 2, the changes in odds ratio (OR) of hav-
ing MCI for each doubling in relative miR expression
in serum are provided. In more detail, based on these
findings, per each doubling in the relative expression
of miR-132-3p and miR-143-3p in serum, the odds
of having MCI would decrease by a factor of 0.62
(95%CI: 0.40 to 0.96, p = 0.033) and 0.73 (95%CI:
0.47 to 1.11, p = 0.14), respectively. While, for every
doubling in the relative expression of miR-151a-5p,
miR-191-5p, and miR-484 in serum, the odds of hav-
ing MCI would increase by a factor of 1.80 (95%CI:
0.80 to 4.05, p = 0.16), 1.27 (95%CI: 0.90 to 1.79,
p = 0.17), and 1.65 (95%CI: 0.96 to 2.81, p = 0.067),
respectively. Also, a doubling in relative expression
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Table 4
Changes (%) in odds of having only pathological A�42 proteins or pathological A�42 and tau proteins (versus
normal protein levels) in CSF, per each doubling in the relative miR expression in serum. Models were corrected
for sex, age, and years of education. Odds ratios (OR), 95% confidence intervals (95% CI; lower to upper limit)

and p-values are provided. When p-value<0.2, the miRs are indicated in bold and underlined

Odds of having only pathological Odds of having pathological
A�42 (versus normal) A�42 and tau (versus normal)

MiRs OR (95%CI) p OR (95%CI) p

let-7d-5p 0.63 (0.33 to 1.20) 0.163 1.02 (0.59 to 1.74) 0.95
let-7g-5p 0.87 (0.47 to 1.60) 0.65 1.18 (0.54 to 2.57) 0.68
miR-15a-5p 1.14 (0.47 to 2.74) 0.76 1.31 (0.59 to 2.89) 0.51
miR-26a-5p 0.69 (0.26 to 1.86) 0.46 0.69 (0.21 to 2.30) 0.55
miR-26b-5p 1.10 (0.39 to 3.08) 0.85 0.62 (0.22 to 1.76) 0.37
miR-29a-3p 0.26 (0.05 to 1.32) 0.103 1.69 (0.62 to 4.62) 0.30
miR-30b-5p 0.28 (0.07 to 1.17) 0.082 2.37 (0.54 to 10.32) 0.25
miR-93-5p 1.13 (0.57 to 2.25) 0.72 1.47 (0.71 to 3.05) 0.30
miR-101-3p 0.70 (0.36 to 1.37) 0.30 1.17 (0.57 to 2.39) 0.67
miR-103a-3p 0.49 (0.19 to 1.26) 0.138 1.49 (0.64 to 3.43) 0.35
miR-125b-5p 3.75 (0.97 to 14.52) 0.056 2.83 (0.69 to 11.64) 0.150
miR-128-3p 0.90 (0.40 to 2.06) 0.81 1.22 (0.49 to 3.03) 0.66
miR-132-3p 0.89 (0.58 to 1.35) 0.22 0.78 (0.49 to 1.25) 0.31
miR-143-3p 0.68 (0.30 to 1.51) 0.34 0.91 (0.41 to 2.03) 0.82
miR-146a-5p 0.84 (0.39 to 1.80) 0.65 1.23 (0.55 to 2.75) 0.61
miR-148a-3p 1.04 (0.55 to 1.98) 0.90 1.19 (0.56 to 2.50) 0.65
miR-151a-5p 0.88 (0.32 to 2.40) 0.80 0.67 (0.21 to 2.13) 0.49
miR-181c-5p 1.23 (0.63 to 2.38) 0.66 1.22 (0.51 to 2.89) 0.66
miR-191-5p 1.33 (0.63 to 2.82) 0.45 0.93 (0.63 to 1.39) 0.74
miR-210-3p 1.27 (0.69 to 2.35) 0.44 1.29 (0.71 to 2.35) 0.40
miR-335-5p 0.20 (0.03 to 1.17) 0.074 1.60 (0.44 to 5.77) 0.47
miR-484 0.82 (0.44 to 1.52) 0.53 1.16 (0.56 to 2.39) 0.68
miR-486-5p 1.39 (0.75 to 2.59) 0.132 1.76 (0.84 to 3.68) 0.47

of miR-181c-5p and miR-210-3p would decrease the
odds of having MCI by a factor 0.70 (95%CI: 0.40
to 1.21, p = 0.20) and 0.71 (95%CI: 0.42 to 1.20,
p = 0.20), respectively.

Associations between cognitive composite
z-score and relative expression of miRs

We also explored the associations of the global
neuropsychological composite z-score (ZCO), as
continuous variable, during the 1st visit of the study
participants (at baseline), with the relative miR
expression in serum, adjusting for age, sex, and years
of education (Table 3). Based on these findings, fairly
significant (p < 0.11) (positive) associations of the
z-scores at baseline with the relative miR expres-
sion of miR-151�-5p (� = –0.25, 95% CI: –0.56 to
0.06, p = 0.111) and miR-191-5p (� = –0.13, 95%
CI: –0.26 to 0.01, p = 0.06) in serum, for each 1-
unit increase in relative miR expression in serum,
were found. In other words, a decrease of –15.83%
(95%CI: –31.46 to 3.36) and –8.45% (95%CI: –16.19
to 0.00) in z-scores was associated with a doubling in

relative expression of miR-151�-5p and miR-191-5p
in serum, respectively.

Relative miR expression as predictor for having
pathological CSF proteins

As shown in Table 4, the changes in odds of having
only pathological A�42 (versus normal protein lev-
els) or having pathological A�42 and tau proteins in
CSF, for each doubling in relative miR expression in
serum, are provided. The odds of having only patho-
logical A�42 proteins (versus normal protein levels)
in CSF would decrease by a factor of 0.63 (let-7d-5p;
95%CI: 0.33 to 1.20, p = 0.163), 0.26 (miR-29a-3p;
95%CI: 0.05 to 1.32, p = 0.103), 0.28 (miR-30b-5p;
95%CI: 0.07 to 1.17, p = 0.082), 0.49 (miR-103a-3p;
95%CI: 0.19 to 1.26, p = 0.138), and 0.20 (miR-
335-5p; 95%CI: 0.03 to 1.17, p = 0.074), per each
doubling in the relative miR expression. On the other
hand, an increase by a factor of 3.75 (95%CI: 0.97
to 14.52, p = 0.056) or 2.83 (95%CI: 0.69 to 11.64,
p = 0.15) in odds of having only pathological A�42
or having pathological A�42 and tau proteins (ver-
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sus normal protein levels) in CSF, respectively, was
associated with each doubling in relative miR-125b-
5p expression in serum. Also, for each doubling in
relative expression of miR-486-5p in serum, the odds
of having only pathological A�42 proteins (versus
normal protein levels) in CSF would increase by a
factor of 1.39 (95%CI: 0.75 to 2.59, p = 0.132).

miRs as predictor of having cognitive
impairment based on the follow-up data

Based on the most updated re-assessment data
about the cognitive state of the study participants,
obtained during the annually follow-up, the possible
changes in odds of having cognitive impairment, per
each doubling in relative miR expression in serum,
were also explored (Supplementary Table 5). The
odds of having cognitive impairment (either mild or
severe) would decrease by a factor of 0.52 (95%CI:
0.24 to 1.12, p = 0.094), 0.63 (95%CI: 0.35 to 1.13,
p = 0.12), 0.36 (95%CI: 0.12 to 1.08, p = 0.068) and
0.48 (95%CI: 0.21 to 1.11, p = 0.088), for each
doubling in relative expression of miR-30b-5p, miR-
103a-3p, miR-128-3p, and miR-484, respectively.

Re-measurement of miRs in the same serum
samples by different PCR technology

Using a different qPCR technology, the 23 miRs
were remeasured in the same set of serum samples
(n = 39), of which total RNA and miR were extracted
by a different RNA isolation procedure, as well.
In order to assess the reproducibility of these miR
changes in serum collected from the same subjects,
we applied the same normalization method, classifi-
cation of the study participants and statistical models.

Our findings (Table 5) revealed an increase in the
odds of having MCI, for each doubling in the relative
expression of miR-26a-5p (OR = 4.60, 95%CI: 1.18
to 17.94, p = 0.028), miR-30b-5p (OR = 3.24, 95%CI:
0.93 to 11.26, p = 0.064), miR-146a-5p (OR = 5.29,
95%CI: 1.47 to 19.02, p = 0.011), miR-148a-3p
(OR = 2.01, 95%CI: 0.75 to 5.34, p = 0.16), and miR-
191-5p (OR = 2.23, 95%CI: 0.69 to 7.27, p = 0.18),
in serum. When, the follow-up data were taken into
account, the odds of having cognitive impairment,
close to significance (p < 0.13), would increase by a
factor of 3.04 (95%CI: 0.74 to 12.52, p = 0.12), 2.54
(95%CI: 0.75 to 8.56, p = 0.13), 3.02 (95%CI: 0.79
to 11.48, p = 0.11) and 6.14 (95%CI: 1.18 to 32.00,
p = 0.031), per each doubling in relative expres-
sion of let-7d-5p, miR-26b-5p, miR-125b-5p, and

Table 5
Changes (%) in odds ratio of having MCI (versus Control), per each
doubling in the relative miR expression in serum, after remeasuring
the same set of miRs in the same serum samples, as in the main
analysis, using a different RNA isolation kit and qPCR platform.
Models were adjusted for sex, age, and years of education. Odds
ratios (OR), 95% confidence intervals (95% CI; lower to upper
limit) and p-values are provided. When p-value <0.2, the miRs are

indicated in bold and underlined

MiRs OR (95%CI) p

let-7d-5p 1.05 (0.39 to 2.87) 0.92
let-7g-5p 1.25 (0.39 to 4.00) 0.71
miR-15a-5p 1.15 (0.58 to 2.30) 0.69
miR-26a-5p 4.60 (1.18 to 17.94) 0.028
miR-26b-5p 0.89 (0.35 to 2.29) 0.81
miR-29a-3p 1.88 (0.64 to 5.50) 0.25
miR-30b-5p 3.24 (0.93 to 11.26) 0.064
miR-93-5p 0.89 (0.41 to 1.94) 0.77
miR-101-3p 0.85 (0.39 to 1.86) 0.68
miR-103a-3p 1.50 (0.59 to 3.77) 0.39
miR-125b-5p 0.90 (0.36 to 2.21) 0.81
miR-128-3p 1.06 (0.51 to 2.18) 0.87
miR-132-3p 0.84 (0.36 to 1.96) 0.68
miR-143-3p 1.11 (0.40 to 3.08) 0.84
miR-146a-5p 5.29 (1.47 to 19.02) 0.011
miR-148a-3p 2.01 (0.75 to 5.34) 0.163
miR-151a-5p 1.75 (0.61 to 4.99) 0.29
miR-181c-5p 0.82 (0.55 to 1.23) 0.34
miR-191-5p 2.23 (0.69 to 7.27) 0.181
miR-210-3p 0.95 (0.46 to 1.94) 0.89
miR-335-5p 1.50 (0.64 to 3.52) 0.35
miR-484 1.24 (0.54 to 2.84) 0.61
miR-486-5p 1.06 (0.64 to 1.74) 0.82

miR-143-3p in serum, respectively (Supplementary
Table 5).

Further, we also checked the associated changes
in cognitive composite z-score (at baseline) with a
doubling in relative expression of miRs in serum
(Table 6). The analysis showed that higher relative
expression of let-7d-5p, miR-26b-5p, miR-101-3p,
miR-132-3p, and miR-210-3p, while lower relative
expression of miR-146a-5p in serum, were associ-
ated with higher composite z-scores, per each 1-unit
increase in relative miR expression. In more detail,
an increase of 27.90% (let-7d-5p; 95%CI: –7.94
to 77.69, p = 0.15), 51.20% (miR-26b-5p; 95%CI:
15.04 to 98.73, p = 0.006), 29.16% (miR-101-3p;
95%CI: 0.37 to 66.21, p = 0.056), 27.82% (miR-132-
3p; 95%CI: –3.32 to 68.98, p = 0.095), and 20.79%
(miR-210-3p; 95%CI: –6.58 to 56.18, p = 0.16), and a
decrease of –21.90% (miR-146a-5p; 95%CI: –44.13
to 9.18, p = 0.16) in the composite z-scores were asso-
ciated with a doubling in the relative miR expression
in serum.

Lastly, the changes in odds of having only patho-
logical A�42 (versus normal protein levels) or having
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Table 6
Associations between the global composite z-score (as continuous
variable) and the relative miR expression in serum, in an addi-
tional study, using the same samples but different RNA isolation
and qPCR kits. Estimates (�) with 95% confidence intervals (CI)
and their p-value, for each one unit increase in the relative miR
expression in serum, are provided. The model was adjusted for age,
sex, and years of education. MiRs with p-value <0.2 are indicated

in bold and underlined

MiRs � (95%CI) p

let-7d-5p 0.35 (–0.14 to 0.85) 0.153
let-7g-5p 0.36 (–0.21 to 0.93) 0.21
miR-15a-5p 0.10 (–0.25 to 0.45) 0.55
miR-26a-5p –0.17 (–0.71 to 0.37) 0.52
miR-26b-5p 0.60 (0.19 to 1.00) 0.006
miR-29a-3p 0.10 (–0.45 to 0.65) 0.72
miR-30b-5p 0.13 (–0.47 to 0.72) 0.66
miR-93-5p 0.18 (–0.22 to 0.58) 0.37
miR-101-3p 0.37 (–0.01 to 0.75) 0.056
miR-103a-3p 0.19 (–0.26 to 0.64) 0.39
miR-125b-5p 0.25 (–0.20 to 0.70) 0.26
miR-128-3p 0.03 (–0.34 to 0.40) 0.87
miR-132-3p 0.35 (–0.07 to 0.77) 0.095
miR-143-3p 0.26 (–0.23 to 0.74) 0.29
miR-146a-5p –0.36 (–0.86 to 0.15) 0.159
miR-148a-3p 0.09 (–0.37 to 0.56) 0.69
miR-151a-5p 0.06 (–0.44 to 0.55) 0.82
miR-181c-5p 0.08 (–0.13 to 0.29) 0.45
miR-191-5p 0.15 (–0.39 to 0.70) 0.57
miR-210-3p 0.27 (–0.11 to 0.66) 0.160
miR-335-5p 0.20 (–0.23 to 0.63) 0.36
miR-484 –0.02 (–0.48 to 0.44) 0.92
miR-486-5p 0.05 (–0.22 to 0.31) 0.73

pathological A�42 and tau proteins in CSF, for each
doubling in relative miR expression in serum, were
also assessed (Table 7). Per each doubling in relative
expression of let-7d-5p, miR-26b-5p, miR-143-3p,
and miR-181c-5p in serum, the odds of having
pathological A�42 and tau proteins (versus normal
protein levels) in CSF would decrease by a factor of
0.18 (95%CI: 0.02 to 1.28, p = 0.087), 0.40 (95%CI:
0.10 to 1.56, p = 0.19), 0.23 (95%CI: 0.05 to 1.09,
p = 0.065), and 0.06 (95%CI: 0.00 to 1.06, p = 0.055),
respectively. A doubling in the relative miR-486-5p
expression in serum was associated with an increase
of 1.63 (95%CI: 0.80 to 3.33, p = 0.18) in odds of
having pathological A�42 and tau proteins (versus
normal protein levels) in CSF. While the odds of
having only pathological A�42 (versus normal) pro-
teins in CSF would increase by 3.28 (miR-26b-5p;
95%CI: 0.68 to 15.90, p = 0.14), 6.91 (miR-125b-5p;
95%CI: 1.12 to 45.56, p = 0.037), 3.10 (miR-148a-3p;
95%CI: 0.68 to 14.16, p = 0.14), and 3.27 (miR-
335-5p; 95%CI: 0.79 to 13.51, p = 0.102), per each
doubling in the relative miR expression in serum.
An increase of in odds of having only pathological

A�42 (versus normal) proteins in CSF per each dou-
bling in the relative miR-128-3p (OR = 1.95, 95%CI:
0.70 to 5.44, p = 0.20) expression in serum, was also
identified.

Receiver operating curve analysis

The diagnostic value of the interesting miRs,
obtained by both Experiment 1 and Experiment 2,
was determined by the areas under receiver oper-
ating characteristic curves (ROC), using individual
(data not shown) or combinations of the interesting
miRs (Table 8). A diagnostic accuracy of a set of
9 miRs (Model 1) showed an AUC value of 0.92
and 0.87 (p < 0.0001) (Fig. 1A, B), using the rela-
tive expression of miRs measured by Experiment 1
and Experiment 2, respectively, to distinguish MCI
subjects from cognitively normal subjects. In case of
the Model 4, representing a combination of 5 miRs,
an AUC value >0.83 (p < 0.05) was obtained either
by Experiment 1 or by Experiment 2.

DISCUSSION

According to a recently published study by the
Institute for Health Metrics and Evaluation, the global
prevalence of dementia is forecasted to triple by 2050,
anticipating that the number of people with AD will
rise to 153 million people [22]. Due to the complexity
of the disease’s biology, the underlying pathologi-
cal mechanisms of sAD still remain elusive. Given
the currently inefficient screening for early stage of
sAD and the ineffective pharmaceutical therapies for
the treatment of AD, there is an urgent need for
reliable biomarker for early detection of the disease
at pre-clinical stage. An ideal diagnostic biomarker
should detect this prodromal stage of sAD in individ-
uals, aged within 50–65 years, by means of a routine
screening, which would be inexpensive, sensitive,
specific, and broadly accessible [23].

Strong evidence from numerous studies shows that
miRs have a key role in neurodegenerative diseases
such as sAD, affecting several processes involved
in the disease pathology [15, 24]. miRs may serve
as new mechanistic insight into AD pathogenesis by
improving the understanding of disease initiation and
progression [15]. Remarkably, the focus on the use of
miRs as potential diagnostic markers for detecting the
early stage of sAD is currently being increased [25].
Alteration in miR expression can be easily and non-
invasively measured in biofluids such as blood, and
thereby, may be promising biomarkers for detecting
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Table 7
After remeasuring the relative expression of miRs in serum by using different RNA isolation and qPCR method, the changes (%) in odds of
having only pathological A�42 proteins or pathological A�42 and tau proteins (versus normal protein levels) in CSF, per each doubling in the
relative miR expression in serum, are given. Models were corrected for sex, age, and years of education. Odds ratios (OR), 95% confidence

intervals (95% CI; lower to upper limit) and p-values are provided. When p-value<0.2, the miRs are indicated in bold and underlined

Odds of having only pathological Odds of having pathological
A�42 (versus normal) A�42 and tau (versus normal)

MiRs OR (95%CI) p OR (95%CI) p

let-7d-5p 1.11 (0.28 to 4.46) 0.88 0.18 (0.02 to 1.28) 0.087
let-7g-5p 2.08 (0.32 to 13.55) 0.44 0.53 (0.12 to 2.38) 0.41
miR-15a-5p 1.29 (0.55 to 3.03) 0.55 0.85 (0.36 to 2.03) 0.72
miR-26a-5p 2.34 (0.56 to 9.73) 0.24 0.65 (0.15 to 2.78) 0.56
miR-26b-5p 3.28 (0.68 to 15.90) 0.139 0.40 (0.10 to 1.56) 0.187
miR-29a-3p 1.64 (0.40 to 6.75) 0.87 1.13 (0.26 to 4.87) 0.87
miR-30b-5p 2.56 (0.47 to 13.78) 0.27 0.50 (0.06 to 3.78) 0.50
miR-93-5p 1.28 (0.53 to 3.09) 0.58 1.41 (0.55 to 3.60) 0.48
miR-101-3p 1.27 (0.50 to 3.20) 0.61 0.78 (0.28 to 2.14) 0.63
miR-103a-3p 1.86 (0.57 to 6.11) 0.30 0.74 (0.22 to 2.47) 0.62
miR-125b-5p 6.91 (1.12 to 42.56) 0.037 1.45 (0.33 to 6.34) 0.62
miR-128-3p 1.95 (0.70 to 5.44) 0.20 1.12 (0.42 to 2.96) 0.82
miR-132-3p 1.82 (0.63 to 5.27) 0.27 1.75 (0.50 to 6.13) 0.38
miR-143-3p 1.11 (0.29 to 4.24) 0.87 0.23 (0.05 to 1.09) 0.065
miR-146a-5p 1.30 (0.33 to 5.14) 0.71 0.69 (0.16 to 2.91) 0.61
miR-148a-3p 3.10 (0.68 to 14.16) 0.145 1.38 (0.40 to 4.74) 0.61
miR-151a-5p 2.13 (0.52 to 8.73) 0.29 0.69 (0.13 to 3.55) 0.65
miR-181c-5p 0.68 (0.22 to 2.09) 0.51 0.06 (0.00 to 1.06) 0.055
miR-191-5p 2.08 (0.31 to 13.95) 0.45 0.39 (0.06 to 2.44) 0.32
miR-210-3p 1.22 (0.57 to 2.67) 0.62 1.47 (0.61 to 3.49) 0.39
miR-335-5p 3.27 (0.79 to 13.51) 0.102 0.82 (0.25 to 2.67) 0.74
miR-484 0.99 (0.34 to 2.88) 0.98 1.94 (0.55 to 6.82) 0.30
miR-486-5p 1.30 (0.69 to 2.45) 0.42 1.63 (0.80 to 3.33) 0.182

Table 8
ROC curve analysis of different combinations of miRs measured by both Experiment 1 and Experiment 2

Models (# miRs) Area 95%CI p Area 95%CI p

Experiment 1 Experiment 2

Model 1 (9 miRs) 0.92 0.82–1.00 <0.0001 0.87 0.75–0.98 <0.0001
Model 2 (9 miRs) 0.89 0.76–1.00 <0.0001 0.91 0.82–1.00 <0.0001
Model 3 (9 miRs) 1.00 1.00–1.00 <0.0001 0.84 0.71–0.97 0.001
Model 4 (5 miRs) 0.83 0.70–0.97 0.008 0.84 0.71–0.96 0.001

the sAD initiation. The measurement of miRs by
qPCR in blood is simple and more sensitive compared
to the measurement of A�42 peptides and t- and p-tau
proteins in CSF [26], which is collected by an invasive
procedure that requires experienced personnel with
advanced surgical skills. Moreover, the miR quantifi-
cation is more cost-effective than the measurement of
the other established AD biomarkers, including struc-
tural MRI and molecular neuroimaging with positron
emission tomography [25]. Therefore, the identifica-
tion of candidate miRs in biofluids such as blood for
the early detection of sAD pathology can deliver pro-
found benefits not only to public health but also to
social costs.

In the present study, using existing data, a set
of candidate miRs, already detected in human

biofluids, was defined based on their linkage to
early stage of sAD. As aforementioned, these
miRs have previously been related to early pro-
cesses linked to a recently proposed tau-driven
AOP toward memory loss [15]. In this small-scale
study, 23 selected miRs were measured in serum
samples of subjects with MCI and cognitively nor-
mal subjects. Our main analysis revealed 13 miRs,
namely, let-7d-5p, miR-29a-3p, miR-30b-5p, miR-
103a-3p, miR-125b-5p, miR-128-3p, miR-132-3p,
miR-143-3p, miR-151a-5p, miR-191-5p, miR-335-
5p, miR-484, and miR-486-5p, as predictor either for
having MCI (versus cognitively normal) or for having
only pathological A�42 or pathological A�42 and tau
proteins in CSF, or to be associated with the global
composite z-scores.
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Furthermore, in order to evaluate possible techno-
logical issues and to check the reproducibility of our
findings, the same set of 23 miRs was remeasured in
the same serum samples, after applying a different
RNA isolation and RT-qPCR method, as aforemen-
tioned. Across all performed analyses in this second
experiment, 15 miRs, including let-7d-5p, miR-26a-
5p, miR-26b-5p, miR-30b-5p, miR-101-3p, miR-
125b-5p, miR-132-3p, miR-143-3p, miR-146a-5p,
miR-148a-3p, miR-181c-5p, miR-191-5p, miR-210-
3p, miR-335-5p, and miR-486-5p, were identified to
be associated with cognitive impairment or patho-
logical CSF biomarkers. It was confirmed by both
experiments that for each doubling in the relative
expression of miR-191-5p, the odds of having MCI
(versus normal) would increase by a factor of either
1.27 or 2.23 (p < 0.18). In addition, a doubling in
the relative expression of miR-125b-5p in serum
was (marginally) significantly (p < 0.056) associated
with an increase of either 3.75 or 6.91 in odds of
having only pathological A�42 proteins (versus nor-
mal protein levels) in CSF, by both experiments.
This may support the reproducibility and measur-
ability of these two miRs across different qPCR
platforms using different RNA extraction kits, as
well. Whereas, for a doubling in the relative miR-
335-5p expression in serum, the odds of having
only pathological A�42 proteins (versus normal pro-
tein levels) in CSF borderline significantly (p < 0.1)
decrease or increase by 0.20 or 3.27, in the first or
the second experiment, respectively. The observed
overall discrepancies in the miR expression between
these two experiments could be attributed to possible
pre-analytical, analytical, and post-analytical factors
which may affect the measurement and reproducibil-
ity. Obviously, these interesting miRs seem to be
important in our hypothesis, despite the fact that we
did not confirm the statistically significant findings
in all different performed analyses. Verification of
these findings in a larger study population is further
needed.

Moreover, the ROC analysis showed that the com-
bination of 9 miRs (Fig. 1A, B) measured either
in Experiment 1 or in Experiment 2 resulted in a
high diagnostic accuracy with an AUC value >0.87
(p < 0.0001) in detecting MCI subjects from cogni-
tively normal subjects. The findings of the performed
ROC analyses were confirmed by both experiments,
supporting the importance on remeasuring the same
set of miRs in the same set of serum samples, when
evaluating diagnostic tools which can be carried out
by different technologies.

Interestingly, these identified miRs (by both exper-
iments) can be plugged into the recently proposed
tau-driven AOP for memory loss (Fig. 2). Con-
sidering the suggested hypothetical starting point
and the downstream intermediate key events of
the tau-driven AOP [14, 15], miR-128-3p, miR-
181c-5p, and miR-335-5p have been plugged into
cholesterol dysmetabolism; miR-29a-3p, miR-128-
3p, and miR-148a-3p into glucose dysmetabolism;
miR-103a-3p, miR-143-3p, and miR-210-3p into
mitochondrial dysfunction; miR-125b-5p, miR-128-
3p, miR-132-3p, miR-143-3p, miR-210-3p, and
miR-486-5p into oxidative stress; miR-26a-5p, miR-
26b-5p, miR-93-5p, miR-101-3p, miR-103a-3p,
miR-125b-5p, miR-128-3p, miR-132-3p, miR-146a-
5p, and miR-148-3p into hyperphosphorylated tau;
miR-93-5p, miR-101-3p, miR-128-3p, and miR-
132-3p into dysfunctional autophagy; let-7d-5p,
miR-26a-5p, miR-26b-5p, miR-29a-3p, miR-30b-5p,
miR-125b-5p, miR-132-3p, miR-146a-5p, miR-148-
3p, miR-151a-5p, miR-181c-5p, miR-191-5p, and
miR-210-3p into synaptic dysfunction; and let-7g-5p,
miR-29a-3p, miR-101-3p, miR-125b-5p, miR-132-
3p, miR-143-3p, miR-146a-5p, miR-148-3p, and
miR-181c-5p into neuroinflammation. The aberrant
expression of these miRs in serum may affect these
early processes leading eventually to the adverse
outcome, memory loss. Among these miRs, miR-
125b-5p, miR-128-3p, and miR-132-3p have an
impact in more than three processes, while other
miRs, such as miR-30b-5p, miR-191-5p, miR-335-
5p, and miR-486-5p seem to be more specific to one
pathological process.

As aforementioned, in clinical practice, among the
neuropsychological tests, MMSE scoring (ranging
from 0–30) is often used for a quick assessment
of the cognitive function of the individuals [27].
These MMSE scores are obtained by questionnaires
addressing possible problems in attention, orienta-
tion, memory, or language of the participants. In our
study, based on the obtained MMSE scores during
the 1st visit of the participants, there was a sta-
tistically significant difference in the scores from
those subjects with MCI (25.55–29.15) and cogni-
tively normal subjects (28.12–30.18). However, we
did not consider the MMSE scores as an objective
or accurate assessment of the cognitive status of the
participants, thereby, the associations of miR expres-
sion in serum with the obtained MMSE scores were
not explored in this study. Instead, the use of the
global composite z-score, derived from the outcomes
of individual cognitive domain scores (memory, lan-
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Fig. 1. Using ROC analysis, the area under AUC values of the combination of 9 miRs (Model 1) in predicting MCI from cognitively normal
subjects. In panel A and B, the ROC curves produced an AUC value of 0.92 (p < 0.0001) and 0.87 (p < 0.0001) corresponding to Experiment
1 and Experiment 2, respectively.

Fig. 2. Identified miRs of interest were plugged into the starting point and/or key events of the proposed tau-driven AOP toward memory
loss.

guage, visuospatial, attention-speed, executive), has
earlier been supported for its accuracy of the cognitive
function [16].

It is worth noticing that there is often misclassifi-
cation of the study participants, grouping MCI as AD
patients, resulting in false conclusions, especially for
studies in which molecular biomarkers, i.e., miRs, in
brain or biological fluids are associated with the early

signs of cognitive decline in the study participants.
Therefore, the availability of clinical measurements,
such as CSF measurements of the pathological A�
and tau proteins, is considered of great importance
in reflecting possible cognitive decline in the study
participants. In addition, the re-assessment data col-
lected during the follow-up of the participants are
also very valuable for the proper assignment of the
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study participants in the correct groups by confirming
whether the groups based on baseline data remain the
same as those based on the follow-up data. This might
contribute to a better understanding of the obtained
findings.

To our knowledge this the first study which inves-
tigates the potential associations of circulating miRs,
known to be involved in early AD, with the odds
of having MCI, or with clinical measurements such
as pathological A� and tau proteins in CSF, or
with cognitive function using the composite z-scores.
However, the size of this study is relatively small,
and in addition to another limitation on the avail-
ability of the protein measurements in CSF of only
26 subjects of the study population, further weakens
the statistical power our study. Taking into account
this limitation of the small study size, we reported
findings based on a less conservative than the usual
cut-off (p < 0.2), in order to avoid discarding biolog-
ically significant and relevant findings by only based
on the p-value and not on other aspects as sample or
effect size [28–30]. Lastly, despite the fact that our
statistical models were corrected for a potential set of
covariates, such as sex, age, and years of education,
we cannot rule out the possibility of other unknown
or unmeasured variables to critically impact our
outcomes.

In clinical research, the ability to reproduce impor-
tant findings in the same study population using same
methods and data, performed by different investi-
gators in different laboratories and instruments is
considered as fundamental for the supporting scien-
tific evidence [31]. Hence, the evaluation of potential
technical biases should be addressed. Our identified
miRs among the different approaches performed by
the two experimental sets up may increase their candi-
dacy in promising molecular biomarkers for detecting
early signs of memory loss accompanied by cognitive
impairment. Moreover, the consideration of com-
bined approaches for the classification of the study
participants, based on the data retrieved either from
baseline/follow-up or from clinical measurements,
may be more beneficial than using only one approach.
By applying combination of different approaches,
information gaps in the collected data by missing val-
ues can be bridged, avoiding exclusions of subjects
from the analysis. Particularly, in this type of clini-
cal research, where the availability of blood samples
collected from individuals at this age window (<65
years), who are recruited for the assessment of their
cognitive state, and also further followed-up, is very
scarce.

In conclusion, in this small-scale study, a set of
circulating miRs, previously shown to be relevant to
early stage of sAD, was measured in serum samples of
subjects who were cognitively normal and had a diag-
nosis of MCI. Alteration in the relative expression of
miRs was identified to be linked either to pathological
A� and tau proteins measured in CSF or to cognitive
impairment. The identification of promising circulat-
ing miRs may serve a new biomedical approach for
filling in the gap in the currently inefficient detec-
tion of the preclinical and prodromal stage of the
sAD.
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