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ARTICLE INFO ABSTRACT

Keywords: Clinical relevance of miRNAs as biomarkers is growing due to their stability and detection in biofluids. In this,
Cellular prion protein diagnosis at asymptomatic stages of Alzheimer’s disease (AD) remains a challenge since it can only be made at
Alzheimer’s disease autopsy according to Braak NFT staging. Achieving the objective of detecting AD at early stages would allow
ELC;IO;]I::S possible therapies to be addressed before the onset of cognitive impairment. Many studies have determined that
the expression pattern of some miRNAs is dysregulated in AD patients, but to date, none has been correlated with
downregulated expression of cellular prion protein (PrP®) during disease progression. That is why, by means of
cross studies of miRNAs up-regulated in AD with in silico identification of potential miRNAs-binding to 3'UTR of
human PRNP gene, we selected miR-519a-3p for our study. Then, in vitro experiments were carried out in two
ways. First, we validated miR-519a-3p target on 3'UTR-PRNP, and second, we analyzed the levels of PrP®
expression after using of mimic technology on cell culture. In addition, RT-qPCR was performed to analyzed miR-
519a-3p expression in human cerebral samples of AD at different stages of disease evolution. Additionally,
samples of other neurodegenerative diseases such as other non-AD tauopathies and several synucleinopathies
were included in the study.
Our results showed that miR-519a-3p overlaps with PRNP 3'UTR in vitro and promotes downregulation of PrPC.
Moreover, miR-519a-3p was found to be up-regulated exclusively in AD samples from stage I to VI, suggesting its
potential use as a novel label of preclinical stages of the disease.

Abbreviations: AB, f-amyloid; AD, Alzheimer’s disease; CBD, corticobasal degeneration; CNS, central nervous system; CSF, cerebrospinal fluid; GGT, glial globular
tauopathy; MCI, mild cognitive impairment; MMSE, Mini-Mental Scale examination; NDD, neurodegenerative disease; NFT, neurofilament tangles; nND, non-
neurodegenerative controls; PD, Parkinson’s disease; PDD, PD-associated dementia; PET, positron emission tomography; PHF, paired helical filaments; PiD, Pick’s
disease (PiD); PrP, cellular prion protein.
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1. Introduction
1.1. Alzgheimer’s disease and its current diagnosis status

Alzheimer’s disease (AD), despite being the most common cause of
dementia, is far from having an early diagnosis, before mild or moderate
cognitive deterioration appears and despite being the most common
cause of dementia. This makes early therapeutic intervention, which is
currently restricted to 4 FDA-approved drugs unable to significantly
reduce cognitive decline or improve global functioning, very difficult to
realize.

As widely described, one of the neuropathological hallmarks of AD is
extracellular accumulation of senile plaques, enriched in p-amyloid (Ap)
peptide. In addition, AD pathology develops like other tauopathies with
intracellular aggregates of hyperphosphorylated tau protein into paired
helical filaments (PHF), and then into neurofilament tangles (NFT).
These are deposited progressively, starting in the entorhinal cortex and
hippocampus and then spreading across other brain regions [1-4]. In
this sense, classical longitudinal studies of cognitive function and cere-
brospinal fluid (CSF) analysis, as well as the switch from neuroimaging
biomarkers used in dementia to AD-specific markers, have identified a
significant preclinical phase of the disease that precedes onset of
symptoms by anywhere from 10 to 20 years. This is characterized by
early Ap deposition in the precuneus and other cortical regions, followed
sequentially by regional cortical hypometabolism, significant accumu-
lation of tau pathology, and the onset of symptomatic cognitive
impairment. Unlike A, and as previously reported, the stage of tau
pathology correlates well with the progression of cognitive decline [5],
largely following the Braak stages (I to VI) according to the regional
distribution of NFT after post-mortem evaluation [6].

In general terms, neuropathological diagnosis of AD can currently be
made with reasonable certainty using CSF or positron emission tomog-
raphy (PET) imaging biomarkers that allow estimation of cerebral Ap
and tau depositions [7,8]. However, in some cases, cognitive impair-
ment and behavioural changes are not apparent until severe AD de-
mentia, preventing a reliable diagnosis. In addition, with the use of
cognitive scales such as the Mini-Mental Scale examination (MMSE),
people in Braak stage I-II are seen to be asymptomatic and considered
healthy, as shown by correlating the scores of the Braak staging and
MMSE results [9]. Moreover, in clinical practice, there are no stan-
dardized criteria for diagnosis, and there may be serious variations be-
tween centres including heterogeneous methodologies as well as
expensive and/or invasive ones [10-12]. In this line, the use of CSF
carries the risks and inconveniences involved in a lumbar puncture
procedure. Current trends are focused on the search for markers (some
of them in the line of epigenetics; see below) in tissue extracted using
non-invasive procedures [13,14]. The detection of peripheral bio-
markers in samples such as blood is emerging as an advance in terms of
the correlation of classical biomarkers in CSF and PET images [15,16]
(collected at [17]). However, general population screening continues to
be a long-term goal [18].

Among epigenetic signatures in AD, a large number of studies show
the dysregulation of various microRNAs (miRNAs) in the disease.
Importantly, the potential of miRNAs as diagnostic tools has been widely
reported, as they show a regular pattern among various body fluids
[19,20] and a marked correlation between the expression levels in
plasma and brain parenchyma [21]. In this regard, miR-519a-3p has
already been proposed as a biomarker of AD in patients showing mild
cognitive impairment (MCI) [22-25] and it has been found in various
fluids such as CSF, blood, plasma, and serum. However, its potential as a
biomarker of asymptomatic stages (according to Braak stages I and II)
has never been analyzed before.

Epigenetic signature of cellular prion protein as possible blood
biomarker for AD.

The relationship between cellular prion protein (PrP®) and AD is
widely reported. PrP¢ was initially known to be the causative agent of
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prionopathies when it undergoes changes in its normal folding [26].
However, its physiological role is still a subject of debate, and some
studies show its interaction/participation with proteins or signalling
pathways involved in AD (see some examples in [27-29]). Even so, the
role of PrPC in the disease remains unresolved, since some studies grant
it a pathogenic role [30] while others support a neuroprotective function
(e.g. [31] reviewed in [32]).

PrPC is mainly expressed by neurons and glial cells in the adult
central nervous system (CNS) [33-35], and in humans it is encoded in a
single gene, PRNP, whose sequence is highly conserved in vertebrates
[36]. Relevantly, the PrP€ expression profile varies during development
[35,37,38] with ageing in adults [39] and during AD progression; it
shows higher levels of expression in asymptomatic stages of the disease
[40-42] and a progressive reduction in advanced stages.

To date there is no known mechanism involved in the reduction of
PrP€ levels in the progression of AD, although abundant miRNA binding
sites in the PRNP 3'UTR are known to be responsible for reduction [43].
The aforementioned study showed the binding of some miR-519 family
members (b-3p and d-3p) to the PRNP 3'UTR.

Therefore, in the present study, we first cross-checked data from
miRWalk, miRanda, RNA22, and Targetscan databases to select putative
miRNAs responsible for the reduction of PrP¢ during AD progression,
pointing up miR-519a-3p as a candidate. Then, we demonstrated in vitro
functional reduction of PrP® by miR-519a-3p using mimic technology.
Next, we analyzed miR-519a-3p expression in frontal cortex samples of
AD (from Braak I to VI) and other neurodegenerative disease (NDD) such
as non-AD tauopathies and synucleopathies. In this way, we revealed
early and exclusive expression of the miR-519a-3p in AD as a useful tool
to generate a novel AD-specific signature in asymptomatic stages of the
disease.

2. Materials and methods
2.1. miR-519a-3p selection for the study

In silico prediction of potential miRNAs with PRNP 3'UTR as target
was made crossing data from the miRWalk, miRanda, RNA22, and
Targetscan databases. After that, candidates were analyzed for reported
overexpression in AD [44]. Finally, miR-519a-3p (AAA-
GUGCAUCCUUUUAGAGUGU) was selected as the main candidate,
taking into account that it has already been found in various fluids such
as CSF, blood, plasma, and serum in patients with mild cognitive
impairment (MCI) and AD [22-25].

2.2. Cell culture and transfection

CCF-STTG1 human grade IV astrocytoma cells (CRL-1718, American
Type Culture Collection (ATCC)) were used to analyse the levels of prp¢
in vitro after has-miR-519a-3p Mimic (Qiagen) transfection. Cells were
maintained in Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 10 % fetal bovine serum (FBS), and 1 % penicillin/
streptomycin (Thermo Fisher Scientific, MA, USA), in 75 em? culture
bottles (Nunc, Denmark) maintained in a 5 % CO5 atmosphere at 37 °C.
One week before transfection, cells were cultured in the same medium,
on poly-p-lysine (Sigma-Aldrich, Darmstadt, Germany) coated 6-well
plates (Nunc, Denmark).

HEK293 human embryonic kidney cells (ATCC CRL-1573, American
Type Culture Collection, Rockville, Md., USA) were used to perform in
vitro miR-519a-3p target analysis on 3'UTR-PRNP reporter construct
(vector pEZX-MTO06, Genecopoeia). Cells were maintained in Advanced
Dulbecco’s modified Eagle’s medium (AdDMEM) supplemented with 10
% fetal bovine serum (FBS), 0.5 % glutamine, and 1 % penicillin/
streptomycin (Thermo Fisher Scientific, MA, USA) in 75 cm? culture
bottles (Nunc, Denmark) in a 5 % COy atmosphere at 37 °C. One day
before cotransfection, cells were cultured in the same medium, on poly-
p-lysine-coated (Sigma-Aldrich, Darmstadt, Germany) 24-well plates
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(Nunc, Denmark).

Transfections were performed using Lipofectamine 2000 (Invi-
trogen-Thermo Fisher Scientific) according to the manufacturer’s
instructions.

2.3. Human samples

The brains of non-neurodegenerative controls (nND) and patients
with AD, other non-AD tauopathies, and synucleinopathies were ob-
tained after death and were immediately prepared for morphological
and biochemical study.

A total of 25 hippocampal postmortem samples were obtained from
HUB-ICO-IDIBELL Biobank to be analyzed in this study. The cases
comprised nND (n = 6) and AD (n = 19). See Supplementary Table 1 for
additional data. In addition, a total of 106 frontal cortex (area 8) post-
mortem samples were obtained from Clinic-IDIBAPS, HUB-ICO-IDIBELL,
and NAVARRABIOMED Biobanks following the guidelines of Spanish
legislation on this matter and approval of the local ethics committees.
Total cases comprised nND (n = 14), AD (n = 61), non-AD tauopathies
(n = 10), and synucleinopathies (n = 21).

Following neuropathological examination, AD cases were catego-
rized according to neurofibrillary tangles (stages I to VI) and Ap depo-
sition (stages A, B and C) [6,45]. Non-AD tauopathies included
corticobasal degeneration (CBD), (n = 4), glial globular tauopathy
(GGT), (n = 3), and Pick’s disease (PiD) (n = 3). Synucleinopathies
comprised Parkinson’s disease (PD, n = 21), 3 of them with associated
dementia (PDD, n = 3). Neuropathological staging of these cases was
based on the classification of Braak, from 1 to 6 [46]. Finally, nND cases
did not show neurological or metabolic disease, and the neuropatho-
logical examination, carried out in similar regions and with the same
methods as in pathological cases of this study, did not show lesions. In
particular, no amyloid, tau, or a-synuclein deposits were seen in the
regions examined. A summary of basic patient data is presented in
Supplementary Table 2.

2.4. RT-qPCR

Total RNA from human hippocampal/frontal cortex samples and
cultured cells was extracted with mirVana’s isolation kit (Ambion, TX,
USA) following the manufacturer’s instructions. Total purified RNAs
were used to generate the corresponding cDNAs, which served as PCR
templates for qPCR assays. Before this, total RNA was quantified by
qubit and analyzed for RNA integrity (RIN) by the geomics service of
Scientific and Technological services of the UB (CCiTUB). Retro-
transcription (RT) was performed using the miRCURY LNA RT kit
(Qiagen, Germany).

Quantitative PCR (qPCR) for miR-519a-3p was performed with three
technical replicates in triplicate using miRCURY LNA SYBR Green PCR
kit (Qiagen) and hsa-miR-519a-3p, LNA™ PCR primer set (Qiagen). PCR
amplification and detection were performed with the Applied Bio-
systems StepOnePlus Real-Time detector. The following thermal profile
was applied: 1 cycle at 95 °C for 2 min, 40 cycles at 95 °C for 10 s, and
56 °C for 60 s. Melting curve analysis was performed at 95 °C for 15 s,
60 °C for 60 s, and 95 °C for 15 s. miRNA levels were calculated using the
StepOne™ software v2.3, following the 2744¢T method of Applied Bio-
systems [47]. Samples were normalized for the relative expression of the
housekeeping gen miR103a-3p (hsa-miR-103a-3p, LNA™ PCR primer
set, Qiagen), which showed no variability between analyzed groups
(Supplementary Fig. 1).

RT-qPCR for PRNP mRNA was performed with three technical rep-
licates using the following primers: (5'-agtcgttgccaaaatggatca-3") and (5-
aaaaaccaacctcaagcatgtgg-3) [48]. PCR amplification and detection
were performed with the Applied Biosystems StepOnePlus Real-Time
detector, using 2x SYBR GREEN Master Mix (Roche Diagnostic,
Switzerland) as reagent, following the manufacturer’s instructions. The
reaction profile was denaturation-activation cycle (95 °C for 10 min)
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followed by 40 cycles of denaturation-annealing-extension (95 °C for 15
s, 60 °C for 60 s), and finally the melting curve analysis performed at
95 °C for 15 s, 60 °C for 60 s, and 95 °C for 15 s. mRNA levels were
calculated using the StepOne™ software v2.3, following the 2744CT
method of Applied Biosystems [47]. The results were normalized for the
expression levels of the housekeeping human GAPDH genes (5'-
aggtcggtgtgaacggatttg-3) and (5-tgtagaccatgtagttgaggtca-3"), which
were quantified simultaneously with the target gene [49].

2.5. Western blotting techniques

Soluble extracts from CCF-STTG1-cultured cells were processed for
western blot. Cells were washed in 0.1 M phosphate-buffered saline
(PBS) before collection in the sample buffer Laemmli (Sigma-Aldrich,
Darmstadt, Germany). Then, homogenates were boiled at 95 °C for 10
min, followed by 12 % SDS-PAGE electrophoresis, and they were then
electrotransferred to nitrocellulose membranes for 1 h at 4 °C. Mem-
branes were blocked with 5 % non-fat milk in 0.1 M Tris-buffered saline
(pH 7.4) for 1 h and incubated overnight in 0.5 % blocking solution
containing primary antibodies. Monoclonal anti-PrP 6H4 (Prionics,
Zurich, Switzerland) was used to determine PrP€ levels and monoclonal
anti-a-actin (Merck Millipore) was used for standardization. After in-
cubation with peroxidase-tagged secondary antibodies (1:5000 diluted),
membranes were revealed with the ECL-plus chemiluminescence west-
ern blot kit (Amersham-GE Healthcare, UK).

For western blot quantification, developed films were scanned at
2400 x 2400 dpi (i800 MICROTEK high quality film scanner), and the
densitometric analysis was performed using Fiji™ software (National
Institutes of Health, USA).

2.6. miR-519a-3p target validation with dual-luciferase reporter assay

To determine targeting of miR-519a-3p to PRNP 3'UTR miRNA
sequence, 4.5 x 10* HEK293 was seeded 24 h before transfection into
24-well plates. Cells were cotransfected with human PRNP 3'UTR
miRNA Target Clone (pEZX-3'UTR-PRNP vector from Genecopoeia) at a
final concentration of 1.25 ng/pl and 15 pmol of hsa-miR-519a-3p
miRCURY LNA miRNA Mimic or its related Negative Control miR-
CURY LNA miRNA Mimic (Qiagen). Cell lysates were prepared 24 h later
in passive lysis buffer following the manufacturer’s instructions, and
luciferase reported activity was measured with an Infinite M200 Pro
Microplate Reader luminometer using the Dual-Luciferase assay system
(Promega). Background luminosity was subtracted from un-transfected
cells, and luciferase readings were normalized by dividing the re-
ported gene firefly luciferase by the reference Renilla luciferase activity.
Each construct was transfected in triplicate in three independent
experiments.

2.7. Statistical processing

Data analysis was performed using Prism 8.0 (GraphPad Software,
CA, USA). The differences between groups were obtained using Student
t-test, and data were considered significant with p < 0.05, p < 0.01,p <
0.001, and p < 0.0001. All data are expressed as mean =+ standard error
of the mean (SEM). In addition, correlation analysis was made with the
Pearson correlation coefficient. And receiver operating characteristic
(ROC) curves were calculated for validation of potential clinical efficacy
of miR-519a-3p in AD.

3. Results

3.1. miR-519a-3p overlaps PRNP 3'UTR in vitro and promotes changes in
prp©

After identifying miR-519a-3p as a candidate to induce down-
regulation in PrP€ during AD, we explored its functional activity in PrP¢
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expression. To do this, we performed two parallel in vitro experiments
using mimic technology. First, we analyzed the target of miR-519a-3p to
PRNP 3'UTR using the pEZX-MTO06-3'UTR-PRNP vector for Firefly
luciferase expression under 3'UTR-PRNP control and Renilla luciferase
for standardization. Two independent experiments were performed in
three biological replicates (cells of three different passage numbers). 24
h after HEK293 co-transfection with miR-519a-3p mimic or its corre-
sponding negative control and 3'UTR-PRNP construction, a dual-
luciferase assay was performed using three technical replicates. Re-
sults showed a significant decrease of 21.12 % + 1.40 in Firefly biolu-
minescence when miR-519a-3p mimic was expressed, confirming the
predicted 3'UTR-PRNP site as a target for miRNA (Fig. 1A).

It is reported that miR-519a-3p only works on higher primate ge-
nomes, so the second approach was developed on CCF-STTG1 cell line, a
human astrocytoma line which presents high expression of PrP¢. Human
cell line was transfected with miR-519a-3p mimic and with the negative
control in parallel to measure later levels of both PrP® protein and
mRNA PRNP. Then, both RNA and protein were extracted at 12, 24, and
48 h after mimic transfection. Firstly, our results showed a progressive
and significant increase in expression of miR-519a-3p by RT-qPCR
(Supplementary Fig. 2). However, only the higher levels of miR-519a-
3p, found at 48 h on three independent experiments with three tech-
nical replicates each (Fig. 1B), were associated with a significant
decrease in PrP® (45.79 % 4 5.23) with western blot analysis (Fig. 1C).
mRNA PRNP levels analyzed with RT-qPCR remained unchanged
(Fig. 1D), suggesting translational repression at this time point. Unde-
pleted levels of both PrP€ protein and mRNA PRNP at 12 and 24 h after
mimic transfection are shown in Supplementary Fig. 2.
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3.2. Significant changes in miR-519a-3p levels at subclinical stages of AD

First, we aimed to determine miR-519a-3p levels in an early affected
brain area in a small sample collection (Supplementary Table 1). Then,
we performed a RT-qPCR and data were classified into 3 groups ac-
cording to the Braak NFT stage of the patients. After comparison with
nND, gPCR quantification of miR-519a-3p showed an increase in all
three groups with a tendency to decrease with the progression of the
disease: AD(I/II) (4.940 + 0.829; **p = 0.0046), AD(III/IV) (3.672 +
0.890; p = 0.0571), and AD(V/VI) (1.844 + 0.232; *p = 0.0405) (Sup-
plementary Fig. 3A). As in silico prediction of miRNAs made in this study
pointed to additional three candidates (miR-409-3p, miR-410-3p, and
miR-495-3p) [50], we extended the analysis to make a comparison with
our preliminary results. After quantification, only miR-409-3p showed a
slight increase in all three groups of analyzed AD samples, but with no
statistical significance and without notable changes between groups
(Supplementary Fig. 3B).

Looking at the significant increase in miR-519a-3p in hippocampal
samples of the three AD groups, and, importantly, in non-symptomatic
people AD(I/II), we aimed to determine miR-519a-3p levels in ‘non-
affected brain areas’ of the same disease groups. Accordingly, we per-
formed RT-qPCR in a larger collection of frontal cortex samples (Sup-
plementary Table 2). Importantly, quantitative results again showed an
increase in all three groups when compared to nND samples: AD(I/1I)
(1.883 + 0.258; **p = 0.0012), AD(III/IV) (2.484 + 0.303; ****p
<0.0001) and AD(V/VI) (2.768 + 0.554; **p = 0.0012) (Fig. 2A). In
addition, although there was a tendency to increase with the progression
of the disease, we did not find statistically significant differences among
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Fig. 1. Binding of miR-519a-3p mimic to the PRNP 3'UTR and decrease in PrP€ levels. Dual-luciferase reported assay showed the binding of miR-519a-3p to the PRNP
3'UTR after co-transfection of HEK293 cells with mimic and pEZX-3'UTR-PRNP vector by reduction of Firefly luciferase activity. Two independent experiments were
performed in three biological replicates (A). Human CCF-STTG1 cell line shows overexpression of miR-519a-3p 48 h after transfection (B) and it is associated with a
decrease of around 45 % in PrP® protein levels (C, D) while mRNA levels remain unchanged (D). PrP€, PRNP mRNA and miR-519a-3p were analyzed with western
blot and RT-qPCR, respectively from three independent experiments. Differences between groups were considered statistically significant at ****p < 0.0001 and *p <

0.05 (Student’s t-test). RU: Relative units.
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Fig. 2. miR-519a-3p expression in frontal cortex samples with AD grouped according to NFT Braak staging (AD(I/II), AD(III/IV), and AD(V/VI)) and compared to
nND samples. A. Histograms showing the RT-qPCR analysis of miR-519a-3p expression. The bars represent the mean of miRNA levels + SEM between each group
analyzed. Each dot represents the mean for the three technical replicates of each individual case (n = 14 nND, n = 12 AD(I/1I), n = 11 AD(III/1V), and n = 38 AD(V/
VD)), and the different shapes represent the biobank of origin: circle, BloBANC Clinic-IDIBAPS; triangle, HUB-ICO-IDIBELL Biobank; and square, NAVARRABIOMED
Biobank. Differences between nND samples and the three AD groups were considered statistically significant at ****p < 0.0001 and **p < 0.01 (Student’s t-test). RU:
Relative units. B. Correlation data between miR-519a-3p levels and age or sex among individuals with AD and also, among nND samples. The table shows the

Pearson’s correlation coefficient and p-value for each case.

the 3 groups of affected people. The possible association between miR-
519a-3p levels and age or gender was also investigated (Fig. 2B). After
analysis, no correlation was found between the amount of miR-519a-3p
and age in either the control group (nND) or among the AD affected
population. A weak correlation could be assumed in the AD group
(Pearson’s coefficient = 0.211), although the p-value shows a non-
statistical significance for the result (p = 0.105). Similarly, while only
the nND group showed a weak correlation between miR-519a-3p levels
and sex (Pearson’s coefficient = 0.0195), it was not statistically signif-
icant (p = 0.582).

Finally, potential clinical efficacy of miR519a-3p in AD was tested
with ROC curve analysis, from which we calculated area under the curve
(AUC) with 95 % confidence intervals. Moreover, the cut-off was
established based on sensitivity % and specificity % and quantification
of positive predictive value (PPV) and negative predictive value (NPV)
were carried out (Supplementary Fig. 4). Importantly, miR519a-3p
showed a very good diagnostic potential already in the asymptomatic
AD stages, based on the guide for assessing the utility of a biomarker
based on its AUC: 0.9-1.0 = excellent; 0.8-0.9 = good; 0.7-0.8 = fair;
0.6-0.7 = poor; 0.5-0.6 = fail.

Specific pattern of miR-519a-3p expression in AD when compared
with other NDD.

To further explore specific dysregulation of miR-519a-3p in AD, we
analyzed the miRNA levels in additional samples from other NDDs that
occur with accumulation of fibrillar proteins as in AD and in some cases
with dementia as well, first examining several advanced non-AD tauo-
pathies including a few representations of CBD, GGT, and PiD, and then,
in various synucleopathies including PD and some cases of PDD classi-
fied into two groups according to staging of brain pathology related to
sporadic PD. These groups are represented as PD(3-4) and PD(5-6),
respectively (Supplementary Table 2).

Quantification of miR-519a-3p levels in advanced non-AD tauo-
pathies compared to nND resulted in a non-significant increase of 1.282
+ 0.1999; p = 0.1419 (Fig. 3A). Similarly, we found no significant dif-
ferences in either of the two groups of PD analyzed, despite the fact that
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Fig. 3. miR-519a-3p expression in non-AD tauopathies (nAD-Tau) (A) and
Parkinson’s disease classified in PD(3-4) and PD(5-6) (B) compared to nND
samples. Bars represent the mean of miRNA levels + SEM between groups
analyzed. Each dot represents the mean for the three technical replicates of
each individual case while the different shapes corresponds to the Biobank of
origin: circle, BioBANC Clinic-IDIBAPS; triangle, HUB-ICO-IDIBELL Biobank;
and square, NAVARRABIOMED Biobank. In addition, the color code represents
the neuropathological diagnoses of the samples: nND, black; PD, orange; PDD,
blue; CBD, brown; GGT, violet; PiD, green. Differences between nND samples
(n = 14) with nAD-Tau (n = 10), as with PD(3-4) (n = 8) and PD(5-6) (n = 13),
were not considered statistically significant (Student’s t-test). RU: relative units.

some of them presented dementia (Fig. 3B). The fold change of PD(3-4)
compared to nND was 1.141 + 0.2050; p = 0.4673 while the fold change
of PD(5-6) compared to nND was 1.37 + 0.2030; p = 0.0705.

Finally, we compared the AD cases distributed in groups AD(III/IV)
and AD(V/VI) with the other NDD groups, non-AD tauopathies, PD
(3-4), and PD(5-6). As observed in Fig. 4, the two AD groups showed
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Fig. 4. miR-519a-3p expression in AD samples distributed in AD(III/IV) and AD
(V/VI) groups and compared to nAD-Tau, PD(3-4), and PD(5-6) groups
respectively. Bars represent the mean of miRNA levels + SEM between each
group analyzed. Each dot represents the mean for the three technical replicates
of each individual case (n = 14 nND, n = 11 AD(III/IV), n = 8 PD(3-4), n = 38
AD(V/VI), n = 13 PD(5-6), and n = 10 nAD-Tau). Differences between AD, PD,
and nAD-Tau samples were considered statistically significant at **p < 0.01 and
*p < 0.05 (Student’s t-test). RU: relative units.

much higher and significant values of miR-519a-3p than the other NDD
groups analyzed. Specifically, the fold increase in the AD(III/IV) group
was 2.176 + 0.4074; p = 0.0027 when compared to PD(3-4) and 1.936
+ 0.3749; p = 0.0029 when compared to non-AD tauopathies. In addi-
tion, the increase in the AD(V/VI) group was 2.041 + 0.5795; p =
0.0117 when compared to PD(5-6), and 2.158 + 0.6578; p = 0.0192
when compared to non-AD tauopathies. Therefore, in all cases the re-
sults are alike when comparing AD with the nND controls.

Taken together, these results suggest that elevated levels of miR-
519a-3p represent a new and specific early AD indicator.

4. Discussion

In the present study, we investigated two main issues concerning the
role of miR-519a-3p in AD. On the one hand, there is its possible
involvement in reducing PrP€ expression levels in the evolution of the
disease [42,51]. In fact, the role of PrP€ in AD and other NDDs is still a
matter of debate, as some argue for its neuroprotective function while
others point to it as an enhancer of the neurotoxicity associated with
NDD (discussed in [32]). This is why it is important to identify the
factors that modulate its expression levels, causing the protein to show
increased levels in the brain parenchyma of patients in asymptomatic
stages of AD and decreasing levels as the disease progresses.

The second issue to investigate is the potential use of this miRNA as a
biomarker for the detection of AD in its asymptomatic stages. Up-
regulation of some family members of miR-519 has been widely re-
ported in various tissues from AD patients, e.g., FC [44], CSF [23], and in
blood (plasma or serum) [22,24,25]. In fact, the latter points to miR-
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519d-3p as a bridge regulator between MCI and AD. However, scant
attention has been paid to analyzing up-regulation of any member of the
miR-519 family in asymptomatic people who may have initiated the
disease silently (with Braak stage I-II correlation) [9].

In our study, in silico prediction of potential miRNAs with PRNP
3'UTR as target pointed to miR-519a-3p [44], among others, as a
candidate that is up-regulated in AD. Importantly, binding of other miR-
519 family members (b-3p and d-3p) to PRNP 3'UTR and the consequent
mRNA degradation has already been demonstrated in vitro [43]. It is
further assumed that mature miRNAs belonging to the same family share
the same target genes according to conserved regions in their sequences
[52]. Specifically, miR-519a-3p and miR-519b-3p belong to the same
subfamily, so they share exactly the same seed sites, while miR-519d-3p
is part of the AGUGC family like both of them [53]. Thus, our results
using mimic technology corroborate the control of PrP® expression by
this additional miR-519 family member, first, determining miR-519a-3p
target validation with dual-luciferase reporter assay, and secondly,
downregulating PrP¢ protein levels after miR-519a-3p mimic over-
expression. However, in contrast to previous data, our experiment eli-
cited translational repression and not mRNA degradation, since PRNP
mRNA levels did not change. Perhaps the time point at which we
measured PrPC protein and PRNP mRNA levels was decisive in this re-
gard, because we analyzed the samples up to 48 h after mimic trans-
fection while they did so at 72 h [43].

Amyloid deposition in the hippocampus, one of the earliest hall-
marks of AD, is the main cause of neural degeneration and associated
dementia [54]. Therefore, we analyzed four previously reported up-
regulated miRNAs in the disease, miR-519a-3p [44], miR-409-3p,
miR-410-3p, and miR-495-3p [50] in hippocampal brain tissue from
Braak I to VI AD and non-AD affected people. RT-qPCR results showed a
significant up-regulation of miR-519a-3p in AD samples but no signifi-
cant changes in the other selected miRNAs. Although our results did not
correlate with [50], it is important to note that the aforementioned
study, as well as Lau et al. [44], were carried out on frontal cortex
samples. Even so, the quantification of miR-519a-3p correlated with
results from Lau et al. [44], which is why we extended the study to one
brain area affected later in the disease, as is the frontal cortex. After
analyzing the miR-519a-3p levels in the 61 frontal cortex samples of AD,
we corroborated the significant up-regulation in Braak III-IV compared
to non-AD samples. This is why these results support the possible use of
miR-519a-3p in the detection of patients presenting MCI as suggested in
Tao et al. [24]. However, our results also show that this miRNA is
significantly up-regulated in apparently asymptomatic Braak I-II sam-
ples, as identified at the time of the post-mortem neuropathological
examination. In fact, elevated levels of miR-519a-3p have previously
been reported in prefrontal cortex from late-onset AD Braak I patients
[44], although the focus of the aforementioned study was on the iden-
tification of miRNAs directly implicated in pathogenesis of the disease,
and no attention was paid to possible biomarkers. This finding, together
with its already reported detection in blood of AD patients [24,25],
makes miR-519a-3p a putative diagnostic tool for the disease.

It would have been interesting to be able to establish correlations
between miR-519a-3p levels and clinical data of the subjects analyzed
(e.g. disease duration, cognitive test scores...). However, these data do
not exist for the sample group Braak I-II, which we can consider the
most important in this study. Even so, the correlation between serum
miR519 levels and MMSE score has already been ruled out in patients
with probable AD by Jia and Liu [22].

As further information, some of the samples included in this study
had previously been analyzed for PRNP mRNA levels. In this sense, it can
be observed how protein levels in hippocampal samples suffer a greater
drop than mRNA levels with disease progression [51]. Similarly, anal-
ysis of frontal cortex samples points to a trend towards mRNA reduction
only in advanced stages of the disease (Supplementary Fig. 5). Accord-
ing to Pease et al. [43] and our in vitro studies, this would be consistent
with a different time point between translational repression and mRNA
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degradation promoted by miR-519a-3p.

There currently exist several blood-based biomarkers that correlate
well with the classical diagnosis of the disease by means of CSF analysis
or imaging tests. Specifically, these are MRI for the detection of brain
atrophy and PET with radiotracers for the detection of Af or phospho-
tau deposits [18,55-58]. However, these emerging biomarkers cannot
detect pre-clinical disease since differential levels of them are detectable
only when the degenerative process starts showing signs of dementia
[59].

Several studies show the potential of miRNAs as diagnostic tools due
to their stability and abundance in circulatory fluids (reviewed in [20].
The ‘golden’ indicator of RNA degradation is the ‘RNA integrity number’
(RIN) that cannot be applied to miRNAs which are extremely stable
against nucleases [60]. Our results have shown the non-association be-
tween RIN and miR-519a-3p level which only depends on AD evolution
(Supplementary Fig. 6). But more importantly, miRNAs show a regular
pattern of expression among various body fluids including blood-based
fluids, which facilitates their extraction with non-invasive methods for
diagnostic use [19]. In addition, miRNAs can cross the blood brain
barrier (BBB) [61], and correlation between miRNA expression levels in
plasma and brain parenchyma has been reported [21].

Although other neurodegenerative diseases such as PD and tauo-
pathies may present with dementia like AD, most of them show di-
agnoses well-differentiated from AD. This is not always the case, as
hippocampal atrophy on magnetic resonance imaging (MRI) is an early
characteristic of AD that may also occur in other dementias, such as
FTLD [62]. Also, comorbid proteinopathies are frequent in these pa-
thologies [63]. Even so, if we consider the hypothetically healthy pop-
ulation as a target for screening miR-519a-3p levels, it is important to
ensure that other NDDs that, like AD, course with self-aggregation of
proteins with spreading properties do not also converge in the up-
regulation of this miRNA. In this regard, miRNA dysregulation has
previously been reported in both tauopathies and synucleopathies
[64,65]. We have therefore considered it important to compare the miR-
519a-3p levels found in some other non-AD tauopathies (CBD, GGT and
PiD) and in some cases of synucleopathies (PD and PDD). To date, the
presence of miR-519a-3p has never been analyzed in tauopathies, while
in the case of synucleopathies, only analysis on IPSC-derived neurons
from PD patients has been made, with miR-519 reduction reported [66].
It should be added that in addition to the PD and PDD cases shown in our
study, 19 additional cases also presenting Alzheimer-related pathology
(ARP) were analyzed. All of them were classified according to Braak NFT
stages and Ap deposition. However, in none of the cases were significant
differences found between miR-519a-3p levels in the aforementioned
samples when compared to nND cases (data not shown). The did show
significant differences when compared with the cases of AD. These re-
sults, then, ruled out an association between miR-519a-3p and A pla-
ques. Our results point to increased miR-519a-3p levels as a novel
specific sign of AD (independently of NFT lesions and Af deposition
stage) that serves as a promising tool in the attempt to determine
whether a person is in the asymptomatic stage of the disease. The next
step is to start checking blood-derived samples of different cohorts that
have been followed up longitudinally to implement the clinical use of
miR-519a-3p in the diagnosis of AD. Importantly, correlation analyses
between miR-519a-3p levels and clinical data of the different subjects
may be included in the study.

5. Conclusions

The present study points to miR-519a-3p as one of the elements
responsible for the decrease in PrPC in AD progression. The early
expression of this miRNA in the disease is of great interest to be included
in a disease-specific asymptomatic AD signature with a great potential to
become a blood-based biomarker that merits further study.
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