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Abstract.
Background: Emerging diagnostic modalities suggest that miRNA profiles within extracellular vesicles (EVs) isolated from
peripheral blood specimens may provide a non-invasive diagnostic alternative for dementia and neurodegenerative disorders.
Given that EVs confer a protective environment against miRNA enzymatic degradation, the miRNAs enriched in the EV
fraction of blood samples could serve as more stable and clinically relevant biomarkers compared to those obtained from
serum.
Objective: To compare miRNAs isolated from EVs versus serum in blood taken from Alzheimer’s disease (AD) dementia
patients and control cohorts.
Methods: We compared 25 AD patients to 34 individuals who exhibited no cognitive impairments (NCI). Subjects were
Singapore residents with Chinese heritage. miRNAs purified from serum versus blood-derived EVs were analyzed for
associations with AD dementia and medial temporal atrophy detected by magnetic resonance imaging.
Results: Compared to serum-miRNAs, we identified almost twice as many EV-miRNAs associated with AD dementia,
and they also correlated more significantly with medial temporal atrophy, a neuroimaging marker of AD-brain pathology.
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We further developed combination panels of serum-miRNAs and EV-miRNAs with improved performance in identifying
AD dementia. Dominant in both panels was miRNA-1290.
Conclusions: This data indicates that miRNA profiling from EVs offers diagnostic superiority. This underscores the role
of EVs as vectors harboring prognostic biomarkers for neurodegenerative disorders and suggests their potential in yielding
novel biomarkers for AD diagnosis.

Keywords: Alzheimer’s disease, blood biomarker, dementia, diagnosis, extracellular vesicle, medial temporal atrophy,
microRNA

INTRODUCTION

Due to shifts in population age distributions to
older ages, dementias like Alzheimer’s disease (AD)
are becoming major health issues. To date, only one
drug has been approved, albeit controversially, as
a disease-modifying treatment for AD [1]. One of
the major challenges in dementia research is the
ability to provide accurate diagnoses in premortem
settings, especially before clinical symptoms are evi-
dent. Advances in positron emission tomography
(PET) for amyloid and tau protein, magnetic res-
onance imaging (MRI) for hippocampal atrophy,
and cerebrospinal fluid tests for phospho-tau and
amyloid, have made in vivo detection of AD brain
pathology possible [2–4], but the high costs and inva-
siveness of these procedures have limited their use in
clinical settings. Consequently, biomarkers derived
from blood, which offer the advantages of reduced
invasiveness and lower costs, have garnered signifi-
cant interest for their potential roles in understanding
the pathogenesis, prognosis, and diagnosis of this
disease [5].

MicroRNAs (miRNA), a class of non-coding RNA,
have recently been recognized as a novel disease
biomarker species due to their characteristics of
tissue- and disease-specific expression [6]. Notably,
miRNA incorporation into extracellular vesicles
(EVs) increases miRNA stability, as the lipid bilayer
of EV membranes protects the contents from degra-
dation by nucleases and proteases [7]. Experimental
studies have reported that EV-bound extracellular
miRNAs are resistant to conditions of severe cellular
stress, such as high temperatures, repeated freeze-
thaw cycles [8], extreme pH levels [9], boiling and
extended storage time [10–12]. The high stability of
miRNAs within the EVs means that they have long
half-lives in biological fluids [13]. As such, they are
attractive as potential diagnostic [14] and prognostic
biomarkers [8].

Numerous studies investigating blood expression
levels of EV-derived miRNAs in AD patients have

been performed in the past decade. Notably, associ-
ations of AD with hsa-miR-93-5p, hsa-miR-23a-3p,
hsa-miR-3065-5p, hsa-miR-424-5p, hsa-miR-1306-
5p, hsa-miR-15b-3p, hsa-miR-342-3p, and hsa-miR-
193b have been replicated in independent cohorts
[15–24]. Besides being promising in identifying AD,
several EV-derived miRNAs have also displayed
putative associations with cognitive and functional
outcomes [15, 23]. Interestingly, one study reported a
significant correlation between EV-derived miR193b
and the 42-amino acid beta-amyloid (Aβ42) in cere-
brospinal fluid, thus linking EV-derived miRNAs and
AD pathology [19].

It remains unknown if EV-derived miRNAs pro-
vide diagnostic advantages over serum-miRNAs. We
therefore compared EV versus serum miRNAs of AD
patients.

MATERIALS AND METHODS

Study cohort

Subjects for this study were selected from a pre-
viously described longitudinal case-control study
performed on a memory clinic cohort in Singapore,
recruited between August 2010 and March 2014.
Briefly, all subjects underwent neuroimaging and
physical, clinical, and neuropsychological tests at the
National University of Singapore. A comprehensive
neuropsychological battery of tests was performed to
assess seven cognitive domains: Executive Function,
Attention, Language, Visuomotor Speed, Visuocon-
struction, Verbal Memory, and Visual Memory (see
Supplementary Table 1 for details on the compo-
nent tests for each domain). Diagnoses were made
at weekly consensus meetings attended by neuropsy-
chologists and clinicians, at which psychometrics,
clinical features, and neuroimaging were evaluated.

AD dementia cases included in this study were
recruited from memory clinics from National Uni-
versity Hospital and St Luke’s Hospital in Singapore,
and diagnosed using the National Institute of Neuro-
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logical and Communicative Disorders and Stroke and
the Alzheimer’s disease and Related Disorders Asso-
ciation (NINCDS-ADRDA) clinical criteria [25].
Subjects diagnosed with non-AD etiologies defined
by the National Institute of Neurological Disorders
and Stroke and Association Internationale pour la
Recherche´ et l’ Enseignement en Neurosciences
(NINDS-AIREN) criteria, such as vascular demen-
tia, were excluded from this study to rule out the
possible confounding effects. Concurrently, con-
trols were recruited from both the community and
memory clinics and were defined as those who
were cognitively normal on an objective neuropsy-
chological assessment—also labelled as having no
cognitive impairment (NCI) and being functionally
independent. Ethics approval for the current study
was obtained from the National Healthcare Group
Domain-Specific Review Board (DSRB reference:
2010/00017; study protocol number: DEM4233).
Informed consent was obtained from all participants
before study recruitment and assessment procedures.
The study was conducted in accordance with the Dec-
laration of Helsinki.

Neuroimaging assessment for brain atrophy

MRI scans were performed on a 3-Tesla Siemens
Magnetom Trio Tim scanner, using a 32-channel
head coil, at the Clinical Imaging Research Centre
of the National University of Singapore. Subjects
with claustrophobia, contraindications for MRI, or
those who were unable to tolerate the procedure were
excluded. All MRIs were graded by one radiologist
and two clinicians blinded to the neuropsychologi-
cal and clinical data. Brain atrophy was assessed on
the MRI scans, with medial temporal lobe atrophy
defined by the widening of the choroid fissure, the
widening of temporal horn, and the loss of hippocam-
pal height as seen on coronal sections. The severity of
medial temporal atrophy was graded using the 5-point
Scheltens’ scale (0 – normal, 1 – mild, 2 – mild-
moderate, 3 – moderate, 4 – severe) [26]. We used a
dichotomized scale in all our analyses, with a score
of ≥ 2 defined as significant medial temporal atrophy
and a score of < 2 considered to be non-significant, as
previously described [27, 28].

Assessments of other risk factors

Risk factors such as hypertension, hyperlipi-
demia, diabetes, and cardiovascular diseases were
ascertained from both clinical interviews and

medical records and were classified as present
or absent. Hypertension was defined as systolic
blood pressure ≥ 140 mmHg and/or diastolic blood
pressure ≥ 90 mmHg, or use of antihypertensive
medications. Diabetes was defined as glycated
hemoglobin ≥ 6.5% or on corresponding medica-
tions. Hyperlipidemia was defined as total cholesterol
levels ≥ 4.14 mM or on corresponding medications.
Cardiovascular disease was classified as a previous
history of atrial fibrillation, congestive heart fail-
ure, and myocardial infarction. Education status was
categorized as low (not exceeding primary school
education) or high (beyond primary school edu-
cation). Apolipoprotein E (APOE) genotyping was
performed as described previously [29], and APOE
ε4 carrier status was defined as having at least one ε4
allele.

Blood sample preparation

Blood samples collected in ethylenediaminete-
traacetic acid (EDTA) and serum-separating tubes
(SST) were centrifuged at 2000 g for 10 min at 4◦C.
The upper layer of plasma (from EDTA tubes) and
serum (from SST) were transferred to a new tube,
mixed, aliquoted, and stored at –80◦C until future
use. All samples were subjected to only one freeze-
and-thaw cycle.

EV isolation and characterization

We followed the Minimal Information for Stud-
ies of Extracellular Vesicles (MISEV) guidelines of
the International Society for Extracellular Vesicles
(ISEV) [30] for the isolation, quantification, and char-
acterization of EVs. EVs were isolated from EDTA
plasma with 70 nm qEVsingle columns (IZON Sci-
ence, Christchurch, New Zealand). 200 μl EDTA
plasma followed by 0. 2μm-filtered 1x Tris-buffered
saline were loaded onto the column. 16 fractions of
250 μl were collected. Fractions 4–8 were combined
in a 100k Amicon filter and concentrated to 200 μl
by centrifugation (4000 g, 15 min, 4◦C). Isolated EVs
were stored at –80◦C until RNA extraction.

EV quantification and size characterization were
performed via nanoparticle trafficking analysis
(NTA, Nanosight). RNA and protein concentrations
were measured using Nanodrop. To demonstrate the
EV identity of our isolated particles, we utilized
western blot analysis (30 μg/lane) of the classical
EV markers: mouse anti-Alix (1 : 200, sc-53538,
Santa Cruz), mouse anti-Hsp70 (1 : 1000, sc-32239,
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Santa Cruz), rabbit anti-CD81 (1 : 1000, ExoAB-
CD81A-1, Systems Biosciences), rabbit anti-CD9
(1 : 1000, ExoAB-CD9A-1, Systems Biosciences),
rabbit anti-GM130 (1 : 1000, ab52649, Abcam), and
goat anti-albumin (1 : 1000, NB600-41532, Novus
Biologicals). Collected and combined fractions used
for EV analysis (F4-F8) contained most of the parti-
cles detected by NTA, the bulk of the RNA molecules,
and little protein contamination. In accordance with
the MISEV guidelines, detailed characterizations of
the extracted EVs were performed as shown in Sup-
plementary Figures 1 and 2. We detected classical EV
markers in all fractions analyzed with little albumin
and Golgi matrix protein (GM130) contamination
(Supplementary Figure 1), indicating successful EV
separation.

Isolation, augmentation, and quantification of
miRNAs

In the present study, “serum-miRNAs” refer to
the miRNAs isolated from serum samples, while
“EV-miRNAs” refer to the miRNAs isolated from
plasma-derived EVs. All reagents and assay kits used
for RNA isolation, augmentation, and quantification
were from MiRXES, Singapore, unless otherwise
stated.

Total RNAs were extracted from patient-derived
serum and patient-derived EVs (200 μl each). The
miRNeasy Serum/Plasma kit (Qiagen; Hilden, Ger-
many) on a semi-automated QiaCube system was
used for the serum, while the Maxwell RSC miRNA
Tissue Kit and the Maxwell RSC System (Promega
Corp., Wisconsin, USA) were used for the isolated
EVs. A combination of synthetic control RNAs with
sequences distinct from annotated mature human
miRNAs (miRBase versions 21 and 22) and inter-
plate calibrators were included in the assay panels to
monitor and normalize workflow efficiency.

Isolated total RNA was reverse transcribed
on the ID3EAL cDNA Synthesis System using
conformational restricted miRNA-specific reverse
transcription (RT) primers that were selected based
on experimental analysis of more than 1000 high
confidence human miRNAs from several hundred
serum and plasma specimens. The reaction mix-
ture was incubated at 42◦C for 30 min, followed by
90◦C for 5 min, to inactivate the reverse transcriptase
on a Veriti™ Thermal Cycler (Applied Biosys-
tems; California, United States). cDNAs were further
augmented using the MiRXES ID3EAL miRNA
Augmentation System.

For serum-miRNA quantifications, qPCR amplifi-
cation and detection were performed on ViiA7 qPCR
system (Applied Biosystems; California, USA) with
the following cycling conditions: 95◦C for 10 min,
followed by 40 cycles of 95◦C for 10 s and 60◦C for
30 s. In contrast, qPCR amplification and detection
were performed on the QuantStudio5-384-well qPCR
system (Applied Biosystems, California, USA) for
the quantification of EV-miRNAs. Raw Ct values
were calculated using the ViiA 7 RUO software
and the QuantStudio Design and Analysis software,
respectively, with an automatic baseline setting and
a threshold of 0.5. Technical variations introduced
during RNA isolation and the process of RT-qPCR
were normalized using the spike-in control RNAs
and inter-plate calibrators. The gene expression lev-
els of each serum and EV-miRNAs were expressed in
arbitrary units by subtracting raw Ct numbers from
40.

Statistical analysis of demographic data

Our statistical analysis of demographic infor-
mation (Table 1) was performed using SPSS
software (version 21, IBM Inc.; New York, USA).
Kolmogorov-Smirnov tests were used to test for
normality. The t-test was used for two-group compar-
isons of means of variables that could be assumed to
be approximately normally distributed. For compar-
isons of mean ranks of distributions not assumed to
be normal (Mini-Mental State Exam, MMSE score),
the Mann-Whitney U Test was used. Finally, to test
for differences in proportions of categorical variables,
the Chi-square test was used. p value < 0.05 was con-
sidered statistically significant for all analyses.

Statistical analysis of miRNA data

Our statistical analysis for miRNA data was per-
formed as follows. To identify potential miRNA
biomarkers, two-tailed t-tests were performed to
compare each serum and EV-miRNA gene expres-
sion levels (i.e., 40 minus Ct number) between AD
and control groups. Mean difference (i.e., average Ct
in AD group minus average Ct in control group) and
significance (i.e., -Log10 of p-value obtained from
corresponding t-test) of each miRNA expression level
between AD and control groups were expressed in
volcano plots. miRNAs with p < 0.05 were selected
for further investigation. Logistic regression was used
to form odds ratios (OR) and 95% confidence inter-
vals (CI) of each miRNA included in the model; the
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Table 1
Baseline demographics of cases and controls (n = 59)

NCI (n = 34) AD (n = 25) p

Age, y, mean (SD) 69.9 (5.2) 73.5 (5.8) 0.015a

Female, n (%) 20 (58.8) 16 (64.0) 0.687b

Education, year, mean (SD) 10.1 (4.7) 4.8 (5.1) <0.001a

APOE ε4 carrier, n (%) 8 (23.5) 12 (48.0) 0.05b

Hypertension, n (%) 15 (44.1) 19 (76.0) 0.014b

Diabetes, n (%) 7 (20.6) 12 (48.0) 0.026b

Hyperlipidemia, n (%) 16 (47.1) 17 (68.0) 0.109b

Cardiovascular disease, n (%) 1 (2.9) 2 (8.0) 0.382b

MMSE, mean (SD) 27.7 (2.1) 18.1 (4.3) <0.001c

Pairwise comparison was performed using atwo-tailed t-test, bPearson’s Chi-square test, or
cMann-Whitney U test. Bold values indicate p < 0.05. NCI, non-cognitive impairment; AD,
Alzheimer’s disease; SD, standard deviation; n, number; APOE ε4, apolipoprotein E ε4 allele.

model’s output is AD (1) versus control (0). Uni-
variate models without a covariate were assessed. To
identify a combination of miRNAs associated with
AD, miRNAs that were found to be significantly asso-
ciated with AD at the univariate level were included
in a forward stepwise multiple logistic regression
analysis; if adding each new variable to the model
lowered the model’s Akaike information criterion
(AIC) value, a likelihood ratio significance level of
0.10 was used to determine if any variables should
be removed from the model. Unless stated otherwise,
calculations were performed using R statistical soft-
ware (version 3.6.3, The R Foundation).

Receiver operating characteristic (ROC) curve
analyses of our fitted logistic regression model were
performed using the R package pROC [31]. ROC area
under curves (AUC) and their 95% CIs were com-
puted using DeLong’s method [32]. Sensitivity and
specificity were calculated via Youden index thresh-
olds using bootstrap procedures with 2,000 iterations
[33].

In the final miRNA model, age, education, APOE4,
hypertension, and diabetes were added as covariates,
as these variables were not matched between groups
(see Table 1). The same statistical approach (adjusted
for age, gender, education, and APOE4, but not hyper-
tension or diabetes) was then used to form a model
of the occurrence of medial temporal brain atrophy.

miRNA-target enrichment and Gene Ontology
(GO) analysis

To predict the potential biological relevance of
the miRNAs that are part of the combination panels
identified using stepwise multiple regression models
shown in Fig. 3, we first confirmed their expression in
human brain tissue utilizing a human miRNA tissue

atlas published by Ludwig and colleagues in 2016
[34]. We then performed miRNA-target enrichment
analyses of each combination panel via miRTarBase
9.0, utilizing only experimentally validated targets
[35]. We then performed Gene Ontology analysis [36,
37] of the identified targets via the web-based tool
Enrichr [38–40]. The top ten significantly enriched
GO annotations with p-value<0.05 were exported
from Enrichr and plotted in Prism Graphpad. False
Discovery Rates (FDR) were calculated at 5% and
10%.

RESULTS

Baseline demographics of study cohort

Of 59 subjects in our study, 34 (57.6%) had NCI
and 25 (42.43%) had AD dementia. AD patients were,
on average, three years older, had less education,
higher APOE ε4 carrier prevalence, and more hyper-
tension and diabetes. As expected, compared to NCI,
AD patients also scored significantly lower in MMSE
(Table 1).

EV-miRNAs show stronger associations with AD
than serum-miRNAs

Of 291 serum-miRNAs detected, 25 were signifi-
cantly altered in AD versus NCI patients (p < 0.05,
two-tailed t-test; Fig. 1B, red dots). Univariate
logistic regression analyses demonstrated that 20
serum-miRNAs were significantly associated with
AD (p < 0.05, univariate logistic regression; Fig. 2A,
blue bars). After complete covariate adjustment using
multiple regression analyses, none were of statistical
significance (p > 0.05, multiple logistic regression;
Fig. 2A).
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Fig. 1. Profiling of serum-miRNAs and EV-miRNAs in AD. (A) Summary of study design and main results. Volcano plots showing the
differential expression of (B) serum-miRNAs and (C) EV-miRNAs in AD patients versus NCI controls. The x-axis shows the mean difference
of each miRNA expression level between AD patients and NCI controls and the y-axis shows -log10 of p-values obtained from corresponding
t-tests. Each dot represents miRNAs detectable in the EV (n = 352) and serum (n = 291) sample pools. Red dots indicate a significant mean
difference of n = 25 serum-miRNAs and n = 41 EV-miRNAs in AD compared to NCI controls (p < 0.05, two-tailed t-tests).

Of 322 EV-miRNAs detected, 41 were signifi-
cantly altered in the AD versus NCI patients (p < 0.05,
two-tailed t-test; Fig. 1C, red dots). Using univariate
logistic regression analyses we identified 34 EV-
miRNAs associated with AD (p < 0.05, univariate
logistic regression; Fig. 2B, red bars), of which seven
miRNAs retained statistical significance after com-
plete covariate adjustment (p < 0.05, multiple logistic
regression; Fig. 2B, asterisks).

EV-miRNAs outcompete serum-miRNAs utilizing
miRNA combination panels

Four serum-miRNAs were identified to be sig-
nificantly associated with AD in the stepwise
multiple regression model, namely hsa-miR-431-3p
[Odds Ratio (OR) = 18.4; 95% Confidence Interval
(CI)], hsa-miR-1290 (OR = 39.8; 95% CI = 2.6 to
603.4), hsa-miR-330-5p (OR = 0.13; 95% CI = 0.03
to 0.58) and hsa-miR-181a-2-3p (OR = 0.02; 95%

CI = 0.0004 to 0.8) (Table 2). The combination panel
had better model fitting with a lower AIC value of
30.0 compared to that of the individual miRNAs
(individual AIC = 57.8, 64.4, 64.6 and 63.8, respec-
tively; p < 0.05, likelihood ratio test). ROC AUCs
(Fig. 3A) were 0.79, 0.70, 0.70 and 0.68 for indi-
vidual miRNAs and 0.97 for all miRNAs combined.
Comparing AD to NCI, hsa-miR-431-3p and hsa-
miR-1290 were upregulated and hsa-miR-181a-2-3p
and hsa-miR-330-5p were downregulated (Fig. 3C).

Two EV-miRNAs were significantly associated
with AD in the stepwise multiple regression
model: hsa-miR-1290 (OR = 1.17e4; 95% CI = 0.89
to 1.54e8) and hsa-miR-128-3p (OR = 1.77e4; 95%
CI = 1.34 to 2.34e6) (Table 2). The combination
panel had better model fitting with a lower AIC
value of 14.0 compared to those of the individual
miRNAs (individual AIC = 24.8 and 39.8, respec-
tively; p < 0.05, likelihood ratio test). While the
ROC of hsa-miR-1290 alone achieved an AUC of
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Fig. 2. Associations of serum-miRNAs and EV-miRNAs with AD. Forest plots showing univariate logistic regression analyses of (A) 25
serum-miRNAs and (B) 41 EV-miRNAs that were significantly altered in AD. Shown are odds ratio (OR) associations between miRNAs
and AD and their 95% confidence intervals (CIs). Red lines indicate significant association before covariate adjustment (p < 0.05, univariate
binary logistic regression), while asterisks indicate significant association after covariate adjustment for age, education and APOE �4,
hypertension, and diabetes (p < 0.05, multiple binary logistic regression).
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Table 2
Diagnostic performance of the individual and combined miRNAs panels identified by stepwise regression models in distinguishing AD from NCI (n = 59)

Sample Panel miRNA OR (95% CI) AIC ROC analysis
AUC (95% CI) Sensitivity % (95% CI) Specificity % (95% CI)

Serum Individuala miR-431-3p 4.22 (1.57–11.38) 57.8 0.79 (0.66–0.91) 75.0 (45.8–100) 84.0 (40.0–100)
miR-1290 2.30 (1.15–4.60) 64.4 0.70 (0.55–0.84) 70.8 (29.2–100) 72.0 (28.0–100)

miR-330-5p 0.65 (0.46–0.92) 64.6 0.70 (0.54–0.85) 95.8 (50.0–100) 52.0 (32.0–88.0)
miR-181a-2-3p 0.38 (0.17–0.84) 63.8 0.68 (0.53–0.83) 45.8 (25.0–100) 100 (32.0–100)

Combinedb miR-431-3p 18.4 (1.24–275.0) 30.0 0.97 (0.94–100) 100 (91.6–100) 92.0 (76.0–100)
miR-1290 39.8 (2.6–603.4)

miR-330-5p 0.13 (0.03–0.58)
miR-181a-2-3p 0.02 (0.0004–0.8)

EV Individuala miR-1290 32.4 (2.63–398.5) 24.8 0.92 (0.83–100) 92.9 (64.3–100) 93.8 (62.5–100)
miR-128-3p 10.4 (1.08–99.8) 39.8 0.77 (0.58–0.96) 100 (85.7–100) 68.8 (43.8–87.5)

Combinedb miR-1290 1.17e4 (0.89–1.54e8) 14.0 0.98 (0.94–100) 92.9 (78.6–100) 100 (87.5–100)
miR-128-3p 1.77e4 (1.34–2.34e6)

Associations analyses were performed using aunivariate or bstepwise multiple logistic regression models. Bold values indicate p < 0.05 using the respective binary logistic regression models. NCI,
non-cognitive impairment; AD, Alzheimer’s disease; EV, extracellular vesicle; OR, odds ratio; CI, confidence interval; AIC, Akaike’s information criterion; ROC, receiver operating characteristic;
AUC, area under curve.
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Fig. 3. Expression levels and AD classification potentials of serum- and EV-miRNAs. ROC analyses of AD versus NCI classification
performance of logistic regression models obtained using (A) serum-miRNAs and (B) EV-miRNAs identified by stepwise regression.
Performance improved when more than one miRNA was used, both for serum and EV miRNAs (*p < 0.05, likelihood ratio tests). Boxplots
show 40 – Ct expression levels of (C) serum and (D) EV miRNAs in AD patients versus NCI controls.

0.92, the addition of hsa-miR-128-3p (individual
AUC = 0.77) raised it to 0.98 (p < 0.05, likelihood
ratio test; Fig. 3B). Both EV-miRNAs showed

significant increases in expression in AD com-
pared to that of the control (two-tailed t-tests;
Fig. 3D).
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Fig. 4. Associations of serum and EV miRNAs with medial temporal atrophy. Univariate and multiple regression analyses of (A) 6 serum-
miRNAs and (B) 16 EV-miRNAs significantly altered in medial temporal atrophy cases. Associations are expressed in terms of odds ratios
(OR) and their 95% confidence intervals (CI). Red lines indicate significant association before covariate adjustment (p < 0.05, univariate
binary logistic regression), while asterisks indicate significant association after covariate adjustment for age, gender, education, and APOE
�4 (p < 0.05, multiple binary logistic regression).

Tissue source and gene enrichment analysis of
miRNA combination panels

According to a human miRNA tissue atlas,
the serum-miRNAs (hsa-miR-431-3p, hsa-miR-
1290, and hsa-miR-181a-2-3p) and the EV-miRNAs
(hsa-miR-1290 and hsa-miR-128-3p) are widely
expressed in various human tissues, including the
brain. The cellular origin of hsa-miR-330-5p was not
examined due to a lack of data in the repository; how-
ever, its -3p counterpart was reported to be highly
expressed in brain tissues [34].

GO enrichment analysis performed on experimen-
tally validated targets of the four serum-miRNAs and
the two EV-miRNAs: the former yielded cytoskeleton
regulation involvement (FDR < 0.05; Supplementary
Figure 3) and the latter yielded involvement in
the regulation of membrane bound organelles, the
nucleus, early endosomes (FDR < 0.05), dendrites
(FDR < 0.1), and possibly other biological processes

(Supplementary Figure 3) with potential relevance to
hypoxic conditions, potentially implicating roles of
these two miRNA in neuronal degeneration.

Associations of miRNA biomarkers with medial
temporal atrophy

Biomarkers that can not only diagnose AD but also
provide information on neuropathological character-
istics of the AD brain have increased potential for
clinical use [15, 19, 23]. Given that medial temporal
atrophy is a common feature of AD, we investigated
the associations between the significantly altered
miRNAs (Fig. 2) and the presence of medial tem-
poral atrophy. We identified six serum-miRNAs that
were significantly altered (p < 0.05, two-tailed t-tests;
Fig. 4A) and almost three times as many EV-miRNAs
(n = 16, p < 0.05, two-tailed t-tests; Fig. 4B) in the
presence of medial temporal atrophy. Of these miR-
NAs, five serum-miRNAs and nine EV-miRNAs were
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significantly associated with medial temporal atro-
phy (p < 0.05, univariate logistic regression; Fig. 4,
red bars). After covariate adjustment using multiple
regression analyses, only one serum-miRNAs, but ten
EV-miRNAs, remained significantly associated with
medial temporal atrophy (p < 0.05, multiple logistic
regression; Fig. 4A, B, asterisks). This comparative
analysis highlights the increased potential of EV ver-
sus serum miRNAs in identifying the presence of
AD and its associated medial temporal atrophy; EV-
miRNA hsa-miR-1290’s AUC of 0.90 (95% CI: 0.79
to 1) suggests it could be a clinically useful biomarker.

DISCUSSION

Our study yielded 25 serum-miRNAs and 41
EV-miRNAs significantly altered in a compari-
son of 25 AD patients to 34 NCI controls. Of
these miRNAs, the expression level of one serum-
miRNA (namely hsa-miR-29c-3p) was consistent
with findings of previous studies [41]. In contrast,
the literature supports many of our EV-miRNA
observations: increased expression of miR-424-5p
[16, 18], miR-423-5p [21], miR-18b-5p [16], miR-
128-3p [21], and decreased expression of let-7e-5p
[21] and miR-142-3p [15]. There were, however,
also some discrepancies, specifically in miR-92b-3p
[21], miR-185-5p [20] and let-7i-5p [17], between
the literature and our EV-miRNAs expression level
observations. Although these discrepancies remain
to be resolved, on balance, our study suggests that
EV-miRNAs contain more information relevant to
identifying AD and medial temporal atrophy than
serum-miRNAs.

ROC AUCs of predictions of patients being AD
versus NCI were higher for EV-miRNAs than for
serum miRNAs. In particular, EV-enriched hsa-miR-
1290 showed the greatest diagnostic potential for
identifying both AD (AUC of 0.92) and medial tem-
poral atrophy (AUC of 0.90). There is thus clearly an
advantage of isolating miRNAs from EVs rather than
serum, as is often practiced in clinical settings. This
advantage could be due to the protection of miRNAs
from degradation via encapsulation in EVs before,
during, and after blood collection [7–14], or due to the
disproportionate sorting of miRNAs into EVs during
disease pathogenesis [42].

Our study suggests that combining miRNAs could
increase AD detection accuracy to a level that is
even higher than the already high level obtained
using hsa-miR-1290 alone. Combining miRNA

from serum (hsa-miR-431-3p, hsa-miR-181-2-3p,
hsa-miR-1290, and hsa-miR-330-5p) or EV (hsa-
miR-1290 and hsa-miR-128-3p) could have clinical
utility, as ROC AUC values then rise even further. As
only two EV-miRNAs, as compared to four serum-
miRNAs, were required to achieve an exceptionally
high ROC AUC, EV-miRNAs may have stronger pre-
dictive potentials than the serum-miRNAs. Indeed,
EV-enriched hsa-miR-1290 alone had exceptional
AD diagnostic value with an ROC AUC of 0.92.
Belief in hsa-miR-1290 as a true signal is further
fortified by the fact that it was identified in both
serum-miRNAs and EV-miRNAs, and in prior litera-
ture; there is evidence of hsa-miR-1290 involvement
in neurogenesis and neuronal differentiation during
early central nervous system development [43–47],
and evidence of its utility as a biomarker for sub-
arachnoid hemorrhage [48]. While the underlying
mechanism of hsa-miR-1290 in subarachnoid hem-
orrhage is unclear, cell culture models suggest that
it may be anti-apoptotic in ischemia-reperfusion [49,
50]. Given that ischemia stroke is an important risk
factor of neurological abnormalities, including AD
and medial temporal atrophy [51], the association of
hsa-miR-1290 with AD observed in our study may be
mediated by underlying pathophysiologies other than
neurodegeneration, e.g., vascular pathologies. Addi-
tional studies are needed to better understand the role
of hsa-miR-1290 in AD.

How other miRNAs identified here may impact
neurological disorders and diseases is not known.
Although hsa-miR-431-3p was, to our knowledge,
never studied, its precursor, miR-431, was reported to
exert a protective effect on neuronal cells by regulat-
ing axonal regeneration [52], as well as by preventing
both amyloid-β-induced synapse loss [53] and cere-
bral ischemia-reperfusion injury [54]. Interestingly,
its 5p counterpart (miR-431-5p) was reported to be
upregulated in the brains of AD transgenic mice [55].
Another candidate in our serum-miRNA combina-
tion panel, miR-330-5p, was also suggested to play
a role in neuronal plasticity and development in rat
hippocampal neurons [56]; serum hsa-miR-330-5p
was also found to be upregulated in the plasma of
patients with Parkinson’s disease [57]. Turning to our
EV-miRNA panel, hsa-miR-128-3p is linked to cere-
brovascular diseases, as higher expression is observed
in the cerebrospinal fluid of acute ischemic stroke
patients [58], and in rodent models of middle cerebral
artery occlusion, miR-128-3p may suppress apoptotic
processes and thus promote neuronal cell survival in
ischemia-induced brain injuries [59]. Interestingly,
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GO enrichment analysis search for biological pro-
cesses influenced by our EV-miRNAs hsa-miR-1290
and hsa-miR-128-3p yielded cellular responses to
hypoxia, which are crucial during ischemia and an
important in vascular pathologies. While none of our
miRNAs were previously reported in human clinical
cohorts of AD, our findings provide new insights and
thus contribute to AD research.

Our study has several limitations. First, as our
analyses were cross-sectional, temporal associations
between miRNAs and the progression of cognitive
impairment was not assessed. Second, the sample size
was small, and thus may have limited statistical power
in detecting significantly altered miRNAs in AD. This
sample size limitation also restricted the use of covari-
ate adjustments in multiple regression models and
multiple testing corrections. As such, validation with
a bigger cohort is still needed to confirm our findings.
Indeed, our AUCs are high partly due to the fact that
they were assessed on the data to which the models
were fitted; we expect smaller values in independent
cohorts, though likely not much worse than for hsa-
miR-1290 alone, as it was found reproducibly in both
serum and EV. Although over-fitting is a concern,
with ∼300 miRNAs and thus ∼15 false positives
at an alpha of 0.05, there are 25 minus ∼15 = ∼10
and 41 minus ∼15 = ∼26 true positives in serum
and EV, respectively, Thus, signals existed on both
sides, and more so in EVs than in serum. Third, sub-
jects with cerebrovascular disease were deliberately
excluded in the analysis, so our results may not be
generalizable to populations where cerebrovascular
burdens are high [60, 61]; studies that include subjects
with vascular cognitive impairment and dementia
may thus broaden the clinical utilities of miRNAs as
biomarkers. Our last caveat is that to make this study
more clinically relevant, we collected blood sam-
ples in standard collection tubes for miRNA isolation
[EDTA (EV-miRNAs) and SST (serum-miRNAs)].
Although blood was collected into both EDTA and
SST tubes from each participant concurrently, cau-
tion needs to be taken while interpreting the data, as
pre-analytic blood processing procedures may affect
the expression of biomarkers in the blood [62–64].

We investigated the diagnostic potential of miR-
NAs isolated from AD-patient blood-derived EVs
versus serum samples from a clinically and ethni-
cally well-defined patient cohort and found twice as
many altered miRNAs in EV than in serum. While
the EV-miRNA hsa-miR-1290 alone may predict AD
sufficiently, further including miRNA such as hsa-
128-3p may further improve accuracy. This holds not

only for AD but also for medial temporal atrophy,
an important characteristic of AD brain pathology.
In unpublished other work, we also found hsa-miR-
1290 to be significantly enriched in EVs extracted
from patients with vascular dementia. Its importance
is thus well supported. Overall, our work suggests
that there are diagnostic advantages of EV-miRNAs
over serum-miRNAs. Further investigations of EVs
as carriers of disease-predicting biomarkers for neu-
rodegeneration are thus warranted.
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K (2019) Exploratory study on microRNA profiles from
plasma-derived extracellular vesicles in Alzheimer’s dis-
ease and dementia with Lewy bodies. Transl Neurodegener
8, 31.

[18] Li F, Xie XY, Sui XF, Wang P, Chen Z, Zhang JB (2020)
Profile of pathogenic proteins and microRNAs in plasma-
derived extracellular vesicles in Alzheimer’s disease: A pilot
study. Neuroscience 432, 240-246.

[19] Liu CG, Song J, Zhang YQ, Wang PC (2014) MicroRNA-
193b is a regulator of amyloid precursor protein in the blood
and cerebrospinal fluid derived exosomal microRNA-193b
is a biomarker of Alzheimer’s disease. Mol Med Rep 10,
2395-2400.

[20] Lugli G, Cohen AM, Bennett DA, Shah RC, Fields CJ,
Hernandez AG, Smalheiser NR (2015) Plasma exosomal
miRNAs in persons with and without Alzheimer disease:
Altered expression and prospects for biomarkers. PLoS One
10, e0139233.



1330 Y.L. Chai et al. / EV-Enriched miRNA-Biomarkers for AD Dementia

[21] Nie C, Sun Y, Zhen H, Guo M, Ye J, Liu Z, Yang Y, Zhang
X (2020) Differential expression of plasma exo-miRNA in
neurodegenerative diseases by next-generation sequencing.
Front Neurosci 14, 438.

[22] Serpente M, Fenoglio C, D’Anca M, Arcaro M, Sorrentino
F, Visconte C, Arighi A, Fumagalli GG, Porretti L, Cat-
taneo A, Ciani M, Zanardini R, Benussi L, Ghidoni R,
Scarpini E, Galimberti D (2020) miRNA profiling in plasma
neural-derived small extracellular vesicles from patients
with Alzheimer’s disease. Cells 9, 1443.

[23] Wei H, Xu Y, Xu W, Zhou Q, Chen Q, Yang M, Feng F,
Liu Y, Zhu X, Yu M, Li Y (2018) Serum exosomal miR-223
serves as a potential diagnostic and prognostic biomarker
for dementia. Neuroscience 379, 167-176.

[24] Yang TT, Liu CG, Gao SC, Zhang Y, Wang PC (2018)
The serum exosome derived microRNA-135a, -193b, and -
384 were potential Alzheimer’s disease biomarkers. Biomed
Environ Sci 31, 87-96.

[25] McKhann G, Drachman D, Folstein M, Katzman R, Price D,
Stadlan EM (1984) Clinical diagnosis of Alzheimer’s dis-
ease: Report of the NINCDS-ADRDA Work Group under
the auspices of Department of Health and Human Services
Task Force on Alzheimer’s Disease. Neurology 34, 939-944.

[26] Scheltens P, Launer LJ, Barkhof F, Weinstein HC, van
Gool WA (1995) Visual assessment of medial temporal
lobe atrophy on magnetic resonance imaging: Interobserver
reliability. J Neurol 242, 557-560.

[27] Gyanwali B, Shaik MA, Hilal S, Cano J, Chen C, Ven-
ketasubramanian N (2018) Prevalence and association of
syphilis reactivity in an Asian memory clinic population.
Int J STD AIDS 29, 1368-1374.

[28] Chai YL, Chong JR, Raquib AR, Xu X, Hilal S, Venke-
tasubramanian N, Tan BY, Kumar AP, Sethi G, Chen CP,
Lai MKP (2021) Plasma osteopontin as a biomarker of
Alzheimer’s disease and vascular cognitive impairment. Sci
Rep 11, 4010.

[29] Chai YL, Yeo HK, Wang J, Hilal S, Ikram MK, Venketa-
subramanian N, Wong BS, Chen CL (2016) Apolipoprotein
varepsilon4 is associated with dementia and cognitive
impairment predominantly due to Alzheimer’s disease and
not with vascular cognitive impairment: A Singapore-based
cohort. J Alzheimers Dis 51, 1111-1118.
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