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Abstract Plasma microRNAs (miRNAs) have been pro-
posed as potential biomarkers in Alzheimer’s disease
(AD). Here, we explored their use as early sensors of
the preclinical phase of the disease, when brain pathology
is being developed and no cognitive loss is detected. For
this purpose, we analyzed a set of ten mature plasma
miRNAs in symptomatic patients with AD from a cohort
that also included healthy controls (HC) and patients with
preclinical Alzheimer’s disease (PAD) (cohort 1). Plasmas
from subjects with Parkinson’s disease (PD) were used to
control for disease specificity. We found that miR-15b-5p,
miR-34a-5p, miR-142-3p, and miR-545-3p levels signifi-
cantly distinguished AD from PD and HC subjects. We
next examined the expression of these four miRNAs in
plasma from subjects with PAD. Among these, miR-34a-
5p and miR-545-3p presented good diagnostic accuracy to
distinguish both AD and PAD from HC subjects,
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according to the receiver operating characteristic (ROC)
curve analysis. Both miRNAs also demonstrated a signif-
icant positive correlation with A31-42 levels in cerebro-
spinal fluid (CSF). Taking into account the clinical poten-
tial of these findings, we decided to validate the diagnos-
tic accuracy of miR-34a-5p and miR-545-3p in plasma
samples from an independent cohort (cohort 2), in which
we did not observe the alterations described by us and
others in AD and PAD samples. Although miR-34a-5p
and miR-545-3p might be promising early biomarker can-
didates for AD, our study highlights possible sources of
variability in miRNA analysis across hospitals, which cur-
rently prevents their use as reliable clinical tools.
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Introduction

Converging evidence from both genetic at-risk cohorts and
clinically normal older individuals suggests that the patho-
physiological process of Alzheimer’s disease (AD) is charac-
terized by a first, preclinical stage of slow and asymptomatic
development that can last for decades, during which biological
changes associated with the emerging pathology are already
present. This stage is followed by clinical symptoms of mild
cognitive impairment (MCI) and a final stage of AD dementia.
As aresult, the pathology is diagnosed too late, when effective
therapeutic intervention is difficult [1, 2]. Early detection and
early intervention in preclinical AD subjects (PAD, defined as
a biomarker positive while asymptomatic) would help provide
the basis for preventive approaches involving modifiable and
lifestyle risk factors of disease progression [3, 4]. Within this
context, there is an increasing interest in secondary prevention
trials in persons with preclinical AD (e.g., A4 study, which is a
3-year pharmacological trial for testing an anti-Af{3 antibody
[5D-

Recent studies have reported encouraging data on the pos-
sibility of diagnosis of AD pathophysiology in MCI stages
based on the analysis of proteins, antibodies, or miRNA in
human blood [6-8]. However, there are only few biomarker
changes currently known to precede the appearance of clinical
symptoms that can be used to define preclinical Alzheimer’s
disease (PAD): (1) brain accumulation of amyloid-f (Ap)
detectable by the positron emission tomography (PET) imag-
ing technique and (2) low-A31-42 levels in cerebrospinal flu-
id (CSF), elevated CSF total tau (t-tau), and phosphorylated
tau (p-tau). Invasiveness, complexity, and/or the economic
burden of PET and CSF collection render them unsuitable
for routine clinical screening [2, 9—13]. Thus, the finding of
biomarkers to be measured by non-invasive and relatively
inexpensive techniques remains a pending and extremely nec-
essary task. Quantification of biomarkers in the bloodstream
complies with these requirements and can be performed from
different biological samples (i.e., whole blood, plasma, and
serum). Among them, EDTA-treated plasma samples seem
to be more reliable for some analyses since coagulation is
not required and less blood cell lysis is observed [14—17].

Recently, microRNAs (miRNAs) have drawn attention as
potential peripheral biomarkers of brain and systemic physio-
logical disturbances [18]. These small molecules (approxi-
mately 22 nucleotides) bind to their target messenger RNA
(mRNA), inhibiting its translation or promoting its degrada-
tion; thus, these represent one of the main epigenetic mecha-
nisms for the regulation of gene expression [19]. Since
miRNAs play an important role in the developing nervous
system and in the physiology of high-order brain functions,
their alteration can contribute to the manifestation of neuro-
logical disorders [20-26]. Particularly, during the last years,
many studies in both AD animal models and patients have

highlighted the impact of miRNA dysregulation on AD path-
ophysiology [27-31]. miRNAs can reach the blood circula-
tion through different mechanisms, including being exported
from the cell through exosomes, through shedding vesicles, or
in association with RNA-binding proteins. It is thought that
they can mediate paracrine, endocrine, and/or juxtacrine sig-
naling, as exosomes and shedding vesicles can donate their
miRNA to recipient cells by the process of endocytosis,
phagocytosis, direct fusion with the plasma membrane, or
uptake of the RNA-binding protein-miRNA complex through
specific cell membrane receptors [32-35]. Circulating
miRNA might represent biomarkers of several age-
associated diseases [36]. In particular, some circulating
miRNAs in CSF, whole blood, plasma, and serum appear to
be altered in both AD animal models and patients [6, 7, 27,
37-52]. However, methodological heterogeneity among stud-
ies and other uncontrolled factors (e.g., bodily fluid collection
and storage, miRNA purification protocols, miRNA normali-
zation strategies) has led to contradictory results in the litera-
ture; thus, there is a great need for validation studies and
standardization of procedures [27, 53, 54].

Here, we have analyzed whether plasma levels of miRNA
characterized as AD candidate biomarkers are already altered
in PAD. For this, we examined miRNA expression in plasma
from subjects classified as having AD compared with PAD
subjects and healthy control (HC) subjects. Moreover, we
compared data from two independent cohorts to examine the
replicability of the results in samples obtained at different
hospitals. Findings and limitations for the use of miRNA as
biomarkers of AD are discussed.

Materials and Methods
Subjects

Subjects were recruited at Hospital Clinic de Barcelona (co-
hort 1 n=20-21/group; groups HC, AD, PAD, and PD) and at
Hospital de Sant Pau de Barcelona (cohort 2 n = 15/group;
groups HC, AD, PAD). All participants gave informed written
consent. Subjects were selected based on their clinical and
neuropsychological characteristics and their levels of AD
CSF biomarkers A3 1-42, tau phosphorylated at the threonine
181 position (p-tau), and total tau protein (t-tau). All partici-
pants were Caucasians from Barcelona, Spain.

Selection Criteria and Demographics

HC subjects were healthy individuals with cognitive perfor-
mance within the normal range without biomarker-level ab-
normalities. PAD subjects were defined according to National
Institute on Aging—Alzheimer’s Association (NIA-AA)
criteria [2], including cognitive performance within the
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normal range (performance within 1.5 standard deviations
[SD]) in all tests from a specific test series, no significant
psychiatric symptoms or previous neurological disease, and
decreased CSF A31-42.

AD subjects were selected according to International
Working Group (IWG) consensus criteria (Dubois B. et al.
2007) and NIA-AA criteria [2]. They presented decreased
CSF Af42 levels (<500 pg/ml for cohort 1, <550 pg/ml for
cohort 2) plus high CSF t-tau (>450 pg/ml for cohort 1,
>350 pg/ml for cohort 2) and CSF p-tau (>75 pg/ml for cohort
1;>61 pg/ml for cohort 2) [55-57].

Demographic and clinical characteristics of cohorts 1 and 2
are summarized in Table 1.

Apolipoprotein E (APOE) genotyping was performed by
PCR-based restriction enzyme digestion and restriction length
polymorphism analysis (RLPA) on polyacrylamide gels as
described previously [58].

Regarding patients with PD, all individuals were character-
ized with clinically definite PD [59]. Uncertain PD diagnosis,
severe depression, and dementia were exclusion criteria.

Total RNA Isolation from Human Plasma

Blood and CSF samples were obtained from all subjects at the
same visit. Blood samples were processed within 2 h after
collection with EDTA-containing tubes (BD Vacutainer) and
centrifuged at 2000xg at 4 °C for 10 min. Plasma was then
separated and stored in 1 ml aliquots at —80 °C until further
use.

Samples were thawed on ice and total RNA was isolated
from 300 pl of plasma utilizing the mirVana™ PARIS™
Isolation Kit (Applied Biosystems) according to the manufac-
turer’s instructions for liquid samples. To allow for normali-
zation of sample-to-sample variation in RNA isolation,
12.5 fmols of synthetic Caenorhabditis elegans miRNA cel-
miR-39 (Qiagen) was added to each sample during the first
step of the RNA isolation protocol. RNA was then eluted with
100 pl of H,O according to the manufacturer’s protocol.

Measurement of Plasma miRNA Levels Using TagMan
qRT-PCR Assays

RNA was reverse transcribed using the TagMan miRNA
Reverse Transcription Kit and miRNA-specific stem-loop
primers (Applied Biosystems) in a 5-ul reverse transcription
(RT) reaction containing 1.67 ul of the RNA extract, 0.05 ul
of 100 mM dNTP (with dTTP), 0.33 pl of MultiScribe™
reverse transcriptase (50 U/uL), 0.5 pl of 10x RT buffer,
0.063 ul of RNase inhibitor (20 U/ul), 1.387 ul of RNase-
free water, and 1uL of 5x miRNA-specific stem-loop RT
primer (Applied Biosystems, Foster, CA, USA), as previously
described [60, 61] (Online resource 1). RT reactions were
performed in triplicate for each specific miRNA and were
incubated at 16 °C for 30 min, at 42 °C for 30 min, and at
85 °C for 5 min and then maintained at 4 °C. The complemen-
tary DNA (cDNA) products were stored at =20 °C until
analysis.

For relative gene expression analysis of both miR-34a-5p
and miR-301a-3p, the RT products were preamplified prior to

Table 1 Demographic and clinical characteristics of cohorts 1 and 2
Cohort 1 Cohort 2
HC subjects AD patients PAD subjects HC subjects AD patients PAD subjects
Total N 21 21 21 15 15 15
Males 9 9 11 7 6 7
Females 12 12 10 8 9 8
Age (years) 69.55 (67.19 71.83 (69.55 73.27(70.25 62.57 (60.48 62.99 (60.75 62.69 (58.76
-71.91) —74.11) —76.29) —64.67) —65.24) —66.63)
MMSE 28.41 (27.86 23.20 (20.82 27.8 (27.11 28.73 (28.12 21.93 (19.76 28.73 (27.97
—28.96) —25.58) —28.49) —29.34) —24.10) —29.50)
GDS 47.6 % GDS = 1; 23.8 % GDS = 3; 52.4 % GDS = 1; 100% GDS=1 933%GDS=4; 100% GDS=1
524 % GDS =2 76.2 % GDS =4 47.6 % GDS =2 6.6 % GDS =5
CSF AB31-42 (pg/ml)  772.79 (703.71 347.22 (310.15 366.5 (327.75 859.35(755.23  366.1 (319.87 445.67 (400.70
—841.87) —384.28) —405.26) —963.47) —412.33) —490.64)
CSF total tau 265.15 (230.71 846.49 (699.39 440.87 (252.43 235.05(202.48  908.9 (673.38 316.99 (13.44
(pg/ml) —299.59) —993.59) —629.30) —267.62) —1144.41) —620.56)
CSF p-tau 54.26 (48.94 108.84 (93.77 75.63 (56.79 47.59 (41.43 109.03 (85.92 45.71 (20.86
(pg/ml) —59.58) -123.91) —94.47) —53.75) -132.14) —70.56)
% ApoE ¢4 3;1429 % 14; 66.67 % 7,33.33 % 4;26.67 % 10; 66.67 % 9; 60 %

carriers (N, %)

Confidence intervals (CI) of 95 % are indicated between parentheses
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real-time quantitative PCR to enhance sensitivity, in that the
corresponding fluorescence signal was undetectable without
the preamplification step. The preamplification step was car-
ried out in a small-scale (5 pl) reaction comprised of 2.5 ul
Tagman PreAmp Master Mix (2x) (Applied Biosystems),
1.25 pl Tagman miRNA assay (0.2x in TE) (Applied
Biosystems), and 1.25 pl undiluted RT product. The
preamplification reactions were incubated at 95 °C for
10 min, followed by 14 cycles of 95 °C for 15 s and at
60 °C for 4 min and then maintained at 4 °C.

For real-time quantitative PCR (qQRT-PCR), 1 ul of the
cDNA product was employed as a template in a 10-pl reaction
containing 0.5 ul of TagMan miRNA Assay (Applied
Biosystem), 3.5 ul of RNase-free water, and 5 pl of
QuantiMix Easy Probes Kit Master Mix (Biotools, Spain).
The qRT-PCR was performed with Bio-Rad CFX96 real-
time PCR system (Bio-Rad) at 95 °C for 10 min, followed
by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Duplicates
were run for each sample on a 96-well plate. Data were then
analyzed with Bio-Rad CFX Manager (Bio-Rad) with the au-
tomatic Ct setting for assigning baseline and threshold for Ct
determination. The relative expression level of each specific
miRNA was calculated using the 2-AACt method after normal-
ization to the mean of internal housekeeping miRNA (hsa-
miR-106a-5p and hsa-miR-17-5p) and to the spiked cel-
miR-39.

Statistical Analysis

Comparisons among groups were performed by the Student ¢
test or non-parametric statistical tests for independent sam-
ples, the Mann—Whitney U test, and Kruskal-Wallis test, to-
gether with the corresponding post-hoc tests, as indicated.
Receiver operating characteristic (ROC) curve analyses were
conducted to assess the diagnostic value of the miRNA for
distinguishing patients with AD or subjects with PAD from
HC. Area under the curve (AUC) values and the associated
maximal values of specificity and sensibility are indicated
throughout the manuscript. Partial correlations (controlling
for group effect), Spearman’s bivariate correlations, and mul-
tiple linear regression models were utilized to analyze the
relationship between miRNA plasma levels and physiological
and/or neuropsychological and clinical variables (CSF A3 1—
42 levels, p-tau, t-tau, age, gender, the APOE allele variant,
the mini mental state examination [MMSE] and the Geriatric
Depression Scale [GDS]). Data were normalized (square root
or log10) for performing partial correlation analysis. P values
of <0.05 were considered statistically significant. Statistical
outliers (>2 SD from the mean) were removed from the anal-
yses. The statistical analysis was performed using the
Statistical Package for Social Sciences (SPSS, ver. 15.0) and
MedCalc (ver. 14.12.0) [62].

Results

Expression and Specificity of Plasma miRNA
in Alzheimer’s Disease

Ten mature microRNAs have been previously reported to be
altered in plasma from AD patients compared with HC (i.e.,
miR-34a-5p, miR-146a-5p, miR-34c-5p, let-7d-5p, let-7g-5p,
miR-15b-5p, miR-142-3p, miR-191-5p, miR-301a-3p, and
miR-545-3p) [38, 41, 43] (Online resource 2).

Here, we evaluated the levels of these miRNAs in plasma
samples from HC and AD and determined the disease speci-
ficity of the validated miRNA using plasma samples from sex-
and age-matched patients with PD. We did not include in our
study miRNAs reported to be altered in biological samples
other than plasma. Since autopsy studies demonstrate that a
substantial percentage of MCI patients does not develop AD
pathology, we did not include miRNAs described to be altered
in MCI (see Online resource 2).

We found that only six of the set of ten miRNAs
showed alterations that were consistent with previous re-
ports. Plasma miR-15b-5p, miR-34a-5p, miR-142-3p, and
miR-545-3p levels were significantly lower in AD sam-
ples than in HC (U39) = 96.0, Z = —2.62, P < 0.01;
U@42) = 100.0, Z = =3.03, P < 0.01; U(40) = 121.0,
Z = -2.13, P < 0.05; U36) = 80.0, Z = —2.58,
P < 0.01, respectively). AD plasma samples also present-
ed reduced levels of let-7d-5p and miR-146a-5p com-
pared with HC (U(40) = 128, Z = —1.94, P = 0.053;
U@35) = 100.0, Z = —1.91, P = 0.056). In contrast to
previous studies [41, 43], we did not find alterations in
miR-34c-5p, let-7g-5p, miR-191-5p, and miR-301a-3p
plasma levels in patients with AD compared with HC.
Data are summarized in Table 2 (HC and AD).

The diagnostic accuracy of miRNA differentially
expressed between patients with AD and HC subjects was
further tested by the ROC-curve analysis (Fig. 1). The AUC
for miR-34a-5p was 0.77, indicating good diagnostic value for
AD, with 76.19 % sensitivity and 71.43 % specificity.
Similarly, the AUC for both miR-545-3p and miR-15b-5p
was 0.75, indicating clinical relevance [63], with 94.12 and
72.22 % of sensitivity and 76.01 and 71.43 % of specificity,
respectively. On the other hand, the AUC for miR-142-3p, let-
7d-5p, and miR-146a-5p were lower than 0.70, indicating
poor diagnostic value for AD.

In order to check for disease specificity, we measured those
miRNAs found to be altered in AD samples in plasma samples
from PD (Table 2, PD).

Kruskal-Wallis test analysis showed that miR-15b-5p,
miR-34a-5p, miR-142-3p, and miR-545-3p levels were
different among HC, AD, and PD groups
(x*(2) = 22.92, P < 0.001; x*(2) = 12.86, P < 0.01;
X*(2) = 21.54, P < 0.001; x*(2) = 13.87, P < 0.001).
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Table 2 Expression of plasma miRNA in cohort 1

Condition

HC AD PD PAD
miRNA Mean (IC) n Mean (IC) n Mean (IC) n Mean (IC) n
let-7d-5p 1.000 (0.640-1.360) 21 0.557 (0.381-0.733) 19 0.919 (0.482-1.356) 20 - -
let-7g-5p 1.000 (0.693-1.307) 21 0.752 (0.427-1.076) 19 - — - -
miR-15b-5p 1.000 (0.690-1.309) 21 0.512 (0.357-0.667) 18 2.469 (1.571-3.367) 20 0.951 (0.730-1.172) 21
miR-34a-5p 1.000 (0.461-1.540) 21 0.216 (0.125-0.307) 21 0.914 (0.502—-1.325) 19 0.181 (0.107-0.254) 20
miR-34c¢-5p 1.000 (0.448-1.552) 17 0.561 (0.253-0.870) 19 - - - -
miR-142-3p 1.000 (0.668-1.332) 21 0.623 (0.366—0.880) 19 2.723 (1.697-3.748) 20 0.700 (0.418-0.983) 21
miR-146a-5p 1.000 (0.682—-1.318) 19 0.554 (0.400-0.709) 16 1.046 (0.613-1.480) 20 - -
miR-191a-5p 1.000 (0.683-1.317) 19 0.850 (0.602—1.098) 19 - - - -
miR-301a-5p 1.000 (0.643-1.357) 21 0.722 (0.455-0.990) 20 - - - -
miR-545-3p 1.000 (0.668-1.333) 17 0.546 (0.307-0.785) 19 1.629 (0.995-2.262) 20 0.423 (0.268-0.578) 19

Confidence intervals (CI) of 95 % are indicated between parentheses

The same statistical analysis showed that let-7d-5p and
miR-146a-5p levels were similar among groups
(x*(2) = 3.53, P = 0.17); x*(2) = 4.10, P = 0.13, thus
discarding these two miRNAs as candidates as specific
AD biomarkers.

The corresponding post-hoc pairwise comparison tests
revealed that miR-15b-5p, miR-34a-5p, miR-142-3p, and

miR-545-3p levels were significantly different between
patients with AD and patients with PD (P < 0.01).
While, miR-34a-5p and miR-545-3p did not show differ-
ent levels between HC and patients with PD (P = 0.800,
P = 0.322, respectively), miR-15b-5p and miR-142-3p
presented higher levels in patients with PD compared
with HC (P < 0.05, P < 0.01, respectively).

a let-7d-5p b miR-15b-5p c mir-34a-5p
100- 100- 100-
80 80-] 80
Z. 60 < 60 Z 60
g - g AUC=0.75 g AUC=0.77
7 AUC=0.68 s % Sen:72.22 3 % Sen: 76.19
S 407 % Sen:57.89 40 o . 2 40 b Sen: 76.
& % Spec:71.43 & % Spec:71.43 3 % Spec:71.43
° I % Acc:71.83 .
20-] % Acc:64.66 201 0 20 % Acc:73.81
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100- 100- 100-
80 80-] 80-
Z 60 < 60 AUC=0.68 Z 60
Z 604 Z 601 =0. Z 60
2 ,AUC=0.70 2 % Sen:93.75 2 AUC=0.75
2 404 OA’ Sen:68.42 2 40 % Spec:45 2 40 % Sen: 57.89
g ﬁo Spec:76.19 3 % Acc:69.38 3 % Spec:94.12
20 % Acc:72.31 204 204 % Acc:76.01
0 T T T T 1 0 T T T T 1 0 T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
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Fig. 1 Receiver operating characteristic (ROC) plots for plasma
miRNAs differentially expressed between HC and AD from cohort 1.
The true positive rate (sensitivity %) is plotted as a function of the false
positive rate (100 %—specificity %) for the six miRNAs individually.
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Expression of miRNA miR-15b-5p, miR-34a-5p,
miR-142-3p, and miR-545-3p in Plasma Samples
from Subjects in the Preclinical Phase of AD

In order to determine whether the validated miRNA (those
differentiating AD from HC and PD) could represent early
biomarkers of AD, we measured their plasma levels in 21
sex- and age-matched samples from PAD subjects [2, 64]
(Table 2, PAD).

As determined by the Kruskal-Wallis non-parametric test,
all four miRNAs showed differences among the HC, AD, PD,
and PAD groups (miR-15b-5p x*(3) = 26.46, P < 0.001; miR-
34a-5p x*(3) = 21.83, P < 0.01; miR-142-3p x*(3) = 26.56,
P < 0.001; miR-545-3p x*(3) = 21.97, P < 0.001).

Post-hoc pairwise comparison tests showed that miR-34a-
5p and miR-545-3p presented reduced levels in PAD subjects
compared to both HC and patients with PD (PAD subjects vs.
HC P < 0.001, P < 0.01; PAD subjects vs. PD patients
P < 0.001, P < 0.001, respectively), while their expression
levels were similar to those detected in AD samples
(P = 0.785, P = 0.870, respectively). In contrast, miR-15b-
5p and miR-142-3p expression levels did not differ between
HC and PAD subjects (P = 0.760, P = 0.122, respectively)
(Online resource 3, Fig. 2).

ROC-curve analysis revealed good diagnostic values for
both miR-34a-5p and miR-545-3p (AUC values of 0.80 and
0.81, diagnostic accuracy of 78.34 and 76.78 %, respectively).
Most importantly, our results indicate that both miR-34a-5p
and miR-545-3p present good early diagnostic value for
distinguishing HC from subjects presenting decreased CSF
AB1-42 (<500 pg/ml) (including patients with AD and PAD
subjects) (Fig. 3).

We assessed the potential effect of gender or the presence
of the APOE ¢4 allele for both miR-34a-5p and miR-545-3p
by two-way analysis of variance (ANOVA) analysis. Our re-
sults showed no significant differences between females and
males (miR-34a-5p n =33 vs. 29, F(1, 58) = 1.25, P=0.27;
miR-545-3p n =29 vs. 26, F(1,51)=0.018, P =0.89), as well
as between APOE ¢4 allele non-carriers and APOE ¢4 allele
carriers (miR-34a-5p n =39 vs. 23, F(1,58)=0.349, P=0.56;
miR-545-3p n =36 vs. 19, F(1, 51) = 1.707, P = 0.20).

Associations Between Validated miRNA and Other
Parameters

Interestingly, miR-15b-5p, miR34a-5p, miR-142-3p, and
miR-545-3p plasma levels positively correlate with each other
(P <0.01) as well as with A 1-42 levels in CSF (pr = 0.452,
P < 0.001; pr = 0.384, P < 0.01, pr = 0.293 and P < 0.05;
pr = 0.309 and P < 0.05, respectively). On the other hand,
miR-34a-5p was the only miRNA associated with t-tau,
exhibiting a negative correlation (pr = —0.266, P < 0.05).
None of the miRNA was correlated with p-tau.

In order to determine the strongest factors predicting A3 1—
42 levels in CSF, we entered the data from the four validated
miRNA for AD (miR-15b-5p, miR-34a-5p, miR-142-3p, and
miR-545-5p) together with gender, age, and APOE ¢4 allele
variables into a multiple linear regression model. Our results
highlighted miR-34a-5p as the best predicting miRNA for
A[1-42 levels in CSF, also influenced significantly by age
and the presence of APOE ¢4 allele, F(3, 49) = 10.488,
P <0.001 (Table 3).

Validation of Plasma miR-34a-5p and miR-545-3p
as Biomarkers of AD and PAD Across Hospitals

In order to test the replicability of our results, we measured the
two miRNAs identified here as potential early biomarkers of
AD in an independent cohort (cohort 2; Hospital de Sant Pau
de Barcelona, Spain).

While the majority of sample characteristics were compa-
rable between cohorts 1 and 2, they presented some significant
differences. Mean age was significantly lower in all groups
from cohort 2 (#(126) = 6.36, P < 0.001), and mean levels of
CSF A, t-tau, and p-tau in the PAD group were significantly
different between the cohorts (U(36) = 74.5, Z = —2.663,
P <0.01; UB6) =71.0, Z=-2.78, P < 0.01; U(36) = 57.0,
Z =-3.23, P < 0.01, respectively) (Table 1).

As an internal control, we compared the plasma levels of
two housekeeping miRNAs between cohorts. As expected,
both miR-106a-5p and miR-17 were similarly expressed be-
tween cohorts (coefficient of variation (CV) = 12 and 11 %,
respectively) (Online resource 4).

However, in contrast to previous data, including our own
results from cohort 1, the miR-34a-5p and miR-545-3p plas-
ma levels from cohort 2 were not diminished in patients with
AD as compared with HC (P = 1.00). Moreover, PAD subjects
demonstrated higher plasma levels of miR-545-3p and a ten-
dency toward higher levels of miR-34a-5p compared with HC
(P < 0.05, P = 0.07, respectively), as well as higher plasma
levels of miR-545-3p compared with AD (P < 0.05) (Table 4,
Online resource 5). As a consequence, in this case, ROC
curves did not show clinically relevant diagnostic values for
distinguishing HC from subjects presenting decreased CSF
AB1-42 (<500 pg/ml) (both in patients with AD and PAD
subjects) (miR-34a-5p AUC = 0.624, 46.67 % sensitivity,
86.67 % specificity; miR-545-3p AUC = 0.648, 55.17 % sen-
sitivity, 80 % specificity).

Discussion
Previous studies have identified a set of ten plasma miRNAs
as potentially involved in the pathogenesis of AD. The aims of

this study were as follows: (i) to validate the alteration of these
miRNAs in plasma from patients with AD, using samples of
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PD subjects as controls for disease specificity (cohort 1), (ii) to
explore the potential use of the validated miRNA as early
biomarkers for the preclinical phase of AD (cohort 1), and
(iti) to explore the consistency of our results across hospitals
from the same city (cohort 2). Our data showed that only six of
the ten previously described miRNAs were validated in
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Fig. 3 Receiver operating characteristic (ROC) plots of miR-34a-5p and
miR-545-3p for HC vs. individuals with decreased CSF A31-42 levels
(AD + PAD) from cohort 1. The true positive rate (sensitivity %) is plotted
as a function of the false positive rate (100 %—specificity %) for each
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patients with AD, four of whom demonstrated disease speci-
ficity utilizing PD samples as control (miR-15b-5p, miR-34a-
5p, miR-142-3p, and miR-545-3p). Moreover, two of these
miRNAs (miR-34a-5p and miR-545-3p) presented good diag-
nostic accuracy for distinguishing both PAD subjects and pa-
tients with AD from HC and PD controls. Although these

miR-34a-5p
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miRNA individually. Area under the curve (AUC) values, % sensitivity,
% specificity, and % accuracy at cut-off points are indicated in each plot
as AUC, %Sens., %Spec., and %Acc., respectively
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Table 3 Factors influencing CSF
AR1-42 levels in cohort 1

Multiple linear regression model

Variables predicting CSF A(31-42 levels B P value R R
miR-34a-5p 66.011 <0.001 0.625 0.391
APOE ¢4 allele —117.989 0.018

Age —11.208 0.014

Constant 1401.010 <0.001

A multiple linear regression model was used in which CSF A31-42 level was the dependent variable, while age,
gender, the presence of the APOE ¢4 allele, and AD-altered plasma miRNA were considered as potential predictor

factors

findings might be promising, we did not reproduce these re-
sults in samples from cohort 2, highlighting some clinical and
methodological issues in the use of plasma miRNA as bio-
markers for AD.

In the first cohort, we were able to reproduce previously
reported differences between patients with AD and HC in
plasma levels of let-7d-5p, miR-15b-5p, miR-34a-5p, miR-
142-3p, miR-146a-5p, and miR-545-3p [38, 43]. Thereby,
these six miRNAs may represent a reliable miRNA signature
of AD because they maintained their diagnostic potential
across different studies and countries. In particular, miR-
15b-5p, miR-34a-5p, and miR-545-3p presented the best di-
agnostic value among the six validated miRNA, reaching
AUC values with high clinical relevance (>0.75) [63]. In con-
trast with previous reports [4 1, 43], we did not find significant
changes in patients with AD compared with HC for let-7g-5p,
miR-34c-5p, miR-191-5p, and miR-301a-5p plasma levels.

A limitation of the previous studies that have investigated
the potential of plasma miRNA as biomarkers for AD is the
lack of control of disease specificity in age- and sex-matched
subjects with an unrelated neurodegenerative disorder. In our
study, we included samples of patients with PD, which
showed that some of the miRNAs found to be altered in AD

samples were not specific for AD pathology. Indeed, let-7d-5p
and miR-146a-5p showed reduced plasma levels in PD
plasmas compared with HC, thus suggesting common mech-
anisms concerning the deregulation of these specific miRNA
in both AD and PD pathologies. Contrariwise, patients with
PD presented significantly higher plasma levels of miR-15b-
5p, miR-34a-5p, miR-142-3p, and miR-545-3p compared
with patients with AD, thus supporting the specificity of the
downregulation of these four miRNAs in AD. Moreover, ac-
cording to our analyses in PAD subjects from cohort 1, our
data indicate that miR-34a-5p and miR-545-3p represent po-
tential early plasma biomarkers for AD, which are already
altered in PAD when compared with HC. Both miRNA ex-
hibited good diagnostic values for predicting decreased CSF
AP1-42 in AD and PAD subjects. Particularly, the multiple
linear regression model revealed that the best miRNA for
predicting CSF A31-42 levels is miR-34a-5p and that both
AD and PAD subjects with lower CSF AR 1-42 levels also
display lower miR-34a-5p plasma levels. Our data are consis-
tent with several studies that have also found upregulation of
miR-34a-5p in brains from AD mouse models, as well as its
downregulation in CSF and plasma samples from patients
with AD [38, 65-68].

Table 4 Expression of miRNA

in cohort 2 miR-34a-5p miR-545-3p

Condition Mean (CI) Mean (CI)

HC 1.000 (0.664—1.356) 1.000 (0.670-1.330)

AD 1.062 (0.599-1.524) 1.114 (0.603—-1.624)

PAD 1.615 (1.268-1.962) 1.628 (1.301-1.954)
Kruskall-Wallis test (df = 2) Kruskall-Wallis test (df = 2)
X2 P value X2 P value
6.283 <0.05 8.47 <0.05
Post-hoc test P value Post-hoc test P value

HC vs. AD —-0.53 1.000 -0.37 1.000

HC vs. PAD -10.67 0.078 -12.07 0.030

AD vs. PAD -10.13 0.104 —11.69 0.043

Group comparisons, assessed by Kruskal-Wallis and the associated post-hoc test, are indicated. The correspond-
ing P values are indicated. Confidence intervals (CI) of 95 % are indicated between parentheses; df stands for

degrees of freedom
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Fig. 4 miR-34a-5p and miR-545-3p as potential biomarkers for AD: a
summary of proposed mechanisms and limitations. Both miR-34a-5p and
miR-545-3p showed decreased levels in plasma from clinical and preclin-
ical AD subjects in cohort 1, indicating their potential value as early AD
biomarkers. Both miRNAs are involved in synaptic and energy metabo-
lism, AP production and clearance, and apoptosis (summary of the cor-
responding targets indicated in squares). A downregulation of both
miRNAs in AD plasma samples and in CSF in the case of miR-34a-5p
has been reported in different studies, including ours [38, 43, 65, 68]. A
downregulation of its targets together with an upregulation of the miRNA
itself in the case of miR-34a-5p has been observed in brain from AD

Contrary to our findings in plasma, miR-34a-5p and miR-
545-3p have been not identified by other authors as altered in
serum from AD subjects [36, 40, 51]. Indeed, it is frequent that
miRNAs detected in plasma are not detected in serum and vice
versa. Tiberio et al. [69] reviewed numerous studies compar-
ing different plasma/serum preparation protocols and analyz-
ing differences between the two types of biological fluids in
terms of circulating miRNAs. McDonald et al. [70], Mitchell
et al. [61], and Wang et al. [71] reported inconsistencies be-
tween miRNA levels in plasma and serum. To explain this
difference, it has been postulated that the variability may be
due, at least in part, to miRNA release from blood cells (such
as platelets) during the coagulation and centrifugation pro-
cesses [71] [60, 72].

From a mechanistic point of view, miR-34a-5p is up-
regulated in affected brain regions of AD patients and
several AD mouse models [66, 67, 73]. In the brain,
the upregulation of miR-34a-5p correlates with

@ Springer

4 Pre and post-synaptic proteins

!

miR-34a-5p

4 PPP enzymes
+ Mitochondrial ETC components

+ Neuroprotective enzymes

}

miR-34a-5p

Lifestyle

Environment

patients. Notably, inversed alterations in biological fluids compared with
brain levels have also been reported for other AD and other neurological
disorder biomarkers [38, 86, 87]. The lack of reproducibility in cohort 2
indicates that the conditions of sample processing across hospitals as well
as the contribution of several individual variables (such as age, genetic,
health, and environmental factors) need to be further characterized to
determine the accuracy of these miRNAs as early biomarkers for AD.
The possibility of a mechanism involving disruption in the secretion or
clearance systems for these miRNAs leading to their accumulation in
brain and the reduction of their levels in plasma warrants further studies.
PPP, pentose phosphate pathway; ETC, electron transport chain

concurrent repression of its target genes involved in syn-
aptic plasticity, such as presynaptic-related proteins
VAMP2 and SYTI1, the NR2A subunit of the NMDA
glutamate receptor, the potassium/sodium channel
HCNI1, and the glutamate-gated ion channel family mem-
ber GLURI [74]. In addition, miR-34a can inhibit the
pentose phosphate pathway (PPP) in neurons, which is
essential for its long-term survival (it increases oxidative
stress contributing to neurodegeneration), and disrupt mi-
tochondrial oxidative phosphorylation by repressing the
expression of electron transport chain components [74].
Other important targets of this miRNA are the
antiapoptotic protein BCL-2, which inhibits caspases
and promotes neuroprotection [38, 67], and the nicotin-
amide adenine dinucleotide-dependent deacetylase SIRT1
[75]. The latter is a well characterized neuroprotective
factor involved in the regulation of Af3 production and
downstream targets such as ROCK1, AMPK, NF-kB, or
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ADAMI10, and it is also downregulated in brains of AD
patients [76, 77, 78]. Intriguingly, miR-34a-5p is also
altered in age-related macular degeneration (AMD), a
late-onset neurodegenerative retinal disease which shares
several clinical and pathological features with AD such
as detrimental intra- and extracellular iron and lipofuscin
deposits, increased oxidative stress, and mitochondrial
and lysosomal dysfunction [79, 80]. Overall, mir-34a-5p
represses several targets involved in synaptic, energy,
and A3 metabolism. Regarding miR-545-3p, one of its
targets is the mRNA of LDL receptor-related protein 1
(LRP1), a plasma membrane receptor of APOE involved
in AP clearance across the blood brain barrier (BBB)
and cholesterol importation into neurons [81]. Patients
with AD exhibit reduced levels of LRP1 and it has been
proposed as a potential target for AD therapy [82, 83].
Another target of this miRNA is the presynaptic vesicle
protein synaptophysin [81]. AD patients show reduced
levels of synaptophysin in the hippocampus, and this
correlates with their cognitive decline [84, 85].

In summary, a downregulation of miR-34a-5p and miR-
545-3p in AD plasma samples has been reported in different
studies, including ours [38, 43, 65, 68]. Moreover, a downreg-
ulation of some of their targets together with an upregulation
of miR-34a has been observed in the brain from AD patients.
Notably, inversed alterations in biological fluids compared
with brain levels have also been reported for other AD and
other neurological disorder biomarkers [38, 86, 87]. The pos-
sibility of a mechanism involving disruption in the secretion
or clearance systems for these miRNAs leading to their accu-
mulation in brain and the reduction of their levels in plasma
warrants further studies. This is the first time that two
miRNAs are reported to be altered in preclinical AD subjects;
nevertheless, these findings need further validation due to the
small number of participants included in our study and the fact
that all the samples were collected in the Barcelona metropol-
itan area.

Regarding the second cohort, our results demonstrated no
alterations in miR-34a-5p and miR-545-3p expression levels
in AD or in PAD plasma samples. These data are especially
difficult to explain in AD samples, in that we validated in
cohort 1 low levels of these two miRNAs previously reported
by other authors [38, 43]. This lack of reproducibility across
hospitals evidences the need to identify and standardize the
sources of variability that might be causing the inconsistencies
between cohorts.

Different factors can account for the variability across
miRNA studies including methodological heterogeneity, con-
ditions of sample collection and storage, differences in
miRNA purification protocols and miRNA normalization
strategies, and environmental influences [27, 53, 54]. In our
study, the methodology for collection and sample processing
employed by the two centers was similar. The fact that the

expression levels of two housekeeping miRNAs (miR-106a-
5p and miR-17) were stable between cohorts suggests that the
lack of reproducibility observed for miR-34a-5p and miR-
545-3p miRNAs may not be related with technical issues such
as sample collection and processing.

One of the main differences between cohorts was their
mean age, which in cohort 2 was significantly younger than
in all previous studies examining miRNA alterations in AD,
including our cohort 1. Several evidences indicate that age is a
critical variable to consider when defining thresholds or cut-
off values for some biomarkers. Van Harten et al. have recent-
ly proposed that differences in age could be underlying non-
reproducible results among miRNA biomarker studies in AD
[88, 89], and Kester et al. found that the association of A[342,
t-tau, and p-tau CSF levels with APOE genotype is modified
by age in both controls and AD patients [90]. Similarly, bio-
markers such as t-tau or prostate-specific antigen (PSA) are
adjusted for age [91, 92]. On the other hand, as reviewed by
many authors [93-98], multiple studies have shown that
miRNA expression is altered following exposure to environ-
mental factors. Some of these factors include sensorial ele-
ments such as light, noise or odors, physical activity, diet,
environmental contaminants such as lead or aluminum, drugs
such as alcohol or nicotine, and psychological stressors such
as chronic social stress. Figure 4 summarizes findings, pro-
posed mechanisms, and current limitations discussed here.

Secondary prevention is based on low specificity and low
cost biomarkers that allow the detection of preclinical subjects
[3, 4, 99]. Accordingly, here, we propose plasma levels of
miR-34a-5p and miR-545-3p, both involved in AD pathogen-
esis, as potential early biomarkers of the disease. Further stud-
ies are required to better explore the influence of individual
and environmental factors on the alterations of these miRNAs.
Advances in this field will help develop blood-based biomark-
er tests for early detection of AD as valuable tools for the delay
of the disease progression [3, 4, 99].
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