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Abstract.

Background: micro-RNAs (miRNAs) are stable, small, non-coding RNAs enriched in exosomes. Their variation in levels
according to different disease etiologies have made them a promising diagnostic biomarker for neurodegenerative diseases
such as Alzheimer’s disease (AD). Altered expression of miR-320a, miR-328-3p, and miR-204-5p have been reported in AD
and frontotemporal dementia (FTD).

Objective: To determine their reliability, we aimed to examine the expression of three exosomal miRNAs isolated from
cerebrospinal fluid (CSF) of patients with young-onset AD and FTD (< 65 years), correlating with core AD biomarkers and
cognitive scores.

Methods: Exosomes were first isolated from CSF samples of 48 subjects (8 controls, 28 AD, and 12 FTD), followed by RNA
extraction and quantitative PCR to measure the expression of miR-320a, miR-328-3p, and miR-204-5p.

Results: Expression of all three markers (miR-320a (p =0.005), miR-328-3p (p =0.049), and miR-204-5p (p =0.036)) were
significantly lower in AD versus controls. miR-320a was reduced in FTD versus controls (p =0.049) and miR-328-3p was
lower in AD versus FTD (p =0.054). Notably, lower miR-328-3p levels could differentiate AD from FTD and controls with
an AUC 0f 0.702, 95% CI: 0.534-0.870, and showed significant correlation with lower CSF A4, levels (r=0.359, p =0.029).
Pathway enrichment analysis identified potential targets of miR-328-3p implicated in the AMPK signaling pathway linked
to amyloid-f and tau metabolism in AD.
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Conclusion: Overall, we demonstrated miR-320a and miR-204-5p as reliable biomarkers for AD and FTD and report

miR-328-3p as a novel AD biomarker.

Keywords: Alzheimer’s disease, biomarker, cerebrospinal fluid, exosome, frontotemporal dementia, miRNAs, young-onset

Alzheimer’s disease

INTRODUCTION

micro-RNAs (miRNAs) are stable, small, non-cod-
ing RNAs (composed of 21-23 nucleotides) involved
in the degradation and/or translational repression of
target messenger RNAs (mRNAs) [1]. They also
have various roles in cell development, differentia-
tion, proliferation, apoptosis, synaptic plasticity, and
memory [2].

Cell-to-cell communication is considered a key
role for miRNAs as they are released into the extra-
cellular milieu by several mechanisms and packed
into small extracellular vesicles such as exosomes,
for exchange of genetic material between cells [3].
Exosomes are small membrane-enclosed vesicles
released by most cell types to carry out specific cell-
cell communications [4] by influencing gene expres-
sion and protein activity in recipient cells. miRNAs
are enriched in exosomes, and their modifications,
as well as variation in levels according to differ-
ent disease etiologies have made them a promising
diagnostic biomarker candidate for neurodegener-
ative diseases, particularly in Alzheimer’s disease
(AD) [5-8] and frontotemporal dementia (FTD) [9,
10]. Compared to circulating and intracellular miR-
NAs, miRNA encapsulated in exosome is reportedly
to be more stable in biological fluids [11, 12].

In AD, neuronal exosomes may be involved in
the release of AB4» due to early endosomal matura-
tion [13], but may also play a role in sequestering
intracerebral A4y [14]. Of note, miR-328 [15]
was shown in an AD mouse model to recognize
specific binding sites in the 3'UTR of amyloid-
B protein precursor converting enzyme (BACEI)
protein mRNA, and exert regulatory effects on
BACEI1 protein expression in cultured neuronal cells
[15]. Exosomes derived from AD and Down syn-
drome blood samples were shown to contain lower
A4 and increased p-tau [16] reflecting the ‘clas-
sic’ AD cerebrospinal fluid (CSF) biomarker profile
[17], suggesting that exosomal miRNA expres-
sion profiling may provide further information on

AD-relevant pathophysiological mechanisms. Other
miRNAs with diagnostic biomarker potential include
miR-320a and miR-204-5p, where upregulation of
miR-320a [7] and downregulation of miR204-5p [9]
have been reported in the CSF of patients with AD and
FTD respectively. CSF miR-320a was shown to be
upregulated in patients with young-onset Alzheimer’s
disease (YOAD) [7]. CSF exosomal miR-204-5p
was reported to be downregulated in symptomatic
compared to presymptomatic FTD mutation carri-
ers [9], with target mRNAs enriched in frontal and
temporal lobes. However, it is not known whether
miR-204-5p is dysregulated in AD. Expression lev-
els of serum circulating miR-328-3p were also
substantially downregulated in autism spectrum dis-
order patients compared to healthy controls [18]. In
our miRNA-sequencing work conducted in another
cohort, miR-328-3p was shown to be downregulated
in the peripheral blood mononuclear cell (PBMC) of
young onset AD cases compared to controls (Chia
et al., manuscript under review).

Differentiating AD and FTD are often challeng-
ing in the early stages of disease, with overlapping
symptoms. To determine if specific exosomal miR-
NAs can be validated as reliable biomarkers for
AD and/or FTD, we investigated the expression of
three exosomal miRNAs (miR-320a, miR-328-3p,
and miR-204-5p) isolated from the CSF of patients
with YOAD (defined as occurring before the age of
65 years), and FTD.

Currently, miRNA studies produce inconsistent
results and are rarely validated, which limit their
potential to be established as clinical biomarkers.
Standardized and consistent methods can help to limit
technical bias and inconsistent results. Hence, we
sought to address this gap by: 1) validating miR-
204-5p as a marker for sporadic FTD and AD; 2)
validating miR-320a as a biomarker for YOAD; and
3) investigating miR328-3p as a novel marker for AD,
using the same methodology on isolation of CSF exo-
somes and miRNA measurement as previous studies
[7,9].
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MATERIALS AND METHODS
Study participants

Participants aged less than 65 years diagnosed
with dementia were recruited from the memory clin-
ics at the National Neuroscience Institute, Singapore
between 2015 and 2018. This study was approved
by the SingHealth Institutional Ethics Review Board
and written informed consent was obtained from each
participant prior to recruitment into the study. All
patients underwent neurological examination, neu-
ropsychological assessment (global cognition was
measured using the Mini-Mental State Examina-
tion (MMSE) and Montreal Cognitive Assessment
(MoCA) tools), brain magnetic resonance imaging
(MRI), and met consensus diagnostic criteria for AD
[17] and sporadic behavioral variant FTD (bvFTD)
[19] as determined by cognitive neurologists. All
healthy controls (HCs) were free of significant neuro-
logical, psychiatric, or systemic disease. Patients with
other neurodegenerative diseases such as Parkinson’s
disease, with psychiatric comorbidities, as well as a
history of alcohol or drug abuse were excluded.

CSF collection

All CSF samples were collected by lumbar punc-
ture in polypropylene tubes, followed by centrifuga-
tion at 2,000 x g 10 min. CSF samples were aliquoted
into polypropylene tubes and stored at —80°C until
further analysis. The concentration of CSF A4z,
p-tau, and t-tau were determined by INNOTEST
ELISAs (Fujirebio), according to the manufacturer’s
instructions.

Isolation of exosome and miRNA

Methods used to isolate exosome from CSF and
measure miRNA expression have been described
before [9] with slight modifications. Briefly, a fixed
volume of 0.5 ml CSF samples was used to isolate
exosomes from each participant using miRCURY
Exosome Cell/Urine/CSF Kit (Qiagen) according
to the manufacturer’s instructions. CSF samples
were incubated with Precipitation Buffer at 4°C for
overnight and spun for 30 min at 10000 x gat20°Cto
pellet the exosome, which was then resuspended with
200 1 Resuspension Buffer. Exosomes isolated from
CSF samples were subjected to cryo-transmission
electron microscopy analysis to confirm the presence
of vesicular structures and nanoparticle tracking

analysis to obtain concentrations and size-distribu-
tion of exosome like-vesicles from the isolated
samples.

Exosomal RNA was isolated using miRNeasy
Micro Kit (Qiagen), following manufacturer’s proto-
col. Complementary DNA (cDNA) was synthesized
using miRCURY LNA RT kit (Qiagen). RNA Spike-
in Mix was added during the first step of RNA
isolation and cDNA synthesis. Quantitative real-
time PCR (qRT-PCR) was performed to measure
expression levels of miR-204-5p, miR-320a, and
miR-328-3p using miRCURY LNA primer sets and
SYBR Green assay (Qiagen). MiRNA expressions
were calculated relative to HCs using the 2-A2Ct
method (Livak Methods 2001) with ACt=CtprNA
— Clreference and AACt= ACtpatient — ACtyc. pool.
UniSp6 spike-in was used as a reference for normal-
ization.

Cryo-transmission electron microscopy
(Cryo-TEM) analysis

For cryo-TEM, 4 wL of exosome preparations were
directly adsorbed onto lacey carbon grids (Quantifoil,
Germany) and plunged into liquid ethane, using an
FEI Vitrobot Mark 3 (FEI Company, The Nether-
lands). Grids were blotted at 100% humidity at 4°C
for about 3—4 s. Frozen/vitrified samples were imaged
using Tecnai T12 Transmission Electron Microscope
(FEI Company) operating at an acceleration voltage
of 120kV. Images were taken at 30,000x magnifica-
tion, (approximate dose of 13.6 electrons/A2), using
an FEI Eagle 4k CCD (FEI Company), and Serial EM
image acquisition software.

NTA measurement with Nanosight NS300
(Malvern, UK)

All samples were diluted in PBS to a final vol-
ume of 1 ml. Ideal measurement concentrations were
found by pre-testing the ideal particle per frame value
(20-100 particles/frame). Following settings were
set according to the manufacturer’s software man-
ual (NanoSight NS300 User Manual): camera level
was increased until all particles were distinctly vis-
ible not exceeding a particle signal saturation over
20%. The ideal detection threshold was determined to
include as many particles as possible with the restric-
tions that 10-1000 red crosses were counted while
only <10% were not associated with distinct parti-
cles. Blue cross count was limited to 5. Autofocus was
adjusted so that indistinct particles were avoided. For
each measurement, images and videos were captured.
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Table 1
Demographic and clinical characteristics of participants

Parameter HC AD FTD P
Subjects, n 8 28 12

Age,y 54.6+7.6 58.2+4.8 574+6.2 0.286
Male sex, n (%) 7 (88) 12 (43) 5(42) 0.067
Education, y 15.0+4.5 11.7+3.8 12.6£3.2 0.235
MMSE 28.0+ 1.8 18.7+£6.9 24.0+5.6 0.002
MoCA 27.6+2.6 16.3+6.6 21.8+6.5 <0.001
CSF AB42, pg/ml 1073.3 £358.8 694.7 £366.8 1169.0 £ 1006.6 0.052
CSF t-tau, pg/ml 231.5+473 757.5+£519.9 398.1 +202.8 0.003
CSF p-tau, pg/ml 39.3+14.3 91.5+£51.5 52.5+21.9 0.003

Continuous variables reported as mean =+ standard deviation; Categorical variables reported as n (%). MMSE,
Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; AP, amyloid-f3 42; t-tau, total tau;

p-tau, phosphorylated tau 181.

After capture, the videos have been analyzed by the
in-build NanoSight Software NTA 3.1 Build 3.1.46
with a detection threshold of 5. Hardware: embedded
laser: 45 mW at 488 nm; camera: sSCMOS. The num-
ber of completed tracks in NTA measurements was
always greater than the proposed minimum of 1000 in
order to minimize data skewing based on single large
particles. There was no significant difference in con-
centration (p=0.632) and size of isolated exosomes
(p=0.604) across disease groups. The mean &= SD
concentration of isolated exosomes in HCs, AD, and
FTD were 2.5+ 1.8,3.3 £ 1.5,and 3.4 £ 2.1, respec-
tively. The mean & SD size distribution of isolated
exosomes in HCs, AD, and FTD were 159.5 4 38.0,
176.1 £35.1, and 167.5 £ 36.5, respectively.

Characterization of extracellular vesicles

Characterization of isolated exosomes using cryo-
TEM suggested that these vesicles predominantly
contained double-walled lipid membrane layers
(Fig. 3A, B). Particle analysis using NanoSight mea-
surements (Fig. 3C) suggested that the large popula-
tion of exosomes (e.g., 120 £0.7%) fell within the
size range of 30-350nm with average vesicle size
determined to be 111 +3.07 nm [20, 21]. The mor-
phological and physical characteristics determined
using these techniques corroborate with previous evi-
dence [22, 23], suggesting that these nanovesicles
are probably of exosomal origin and were hence
used for further experiments on miRNA isolation and
analysis.

Target prediction and pathway enrichment analysis
miR-328-3p was selected and subjected to target

prediction using two online databases: TargetScan
(http://www.targetscan.org/) and miRDB (http://

www.mirdb.org/) to predict miRNA targets. Tar-
getScan predicted 211 targets and miRDB pre-
dicted 279 targets for miR-328-3p (Supplementary
Material). Only 69 common genes predicted by
both databases were considered. Gene-annotation
enrichment analyses of the target genes were per-
formed using DAVID Bioinformatic Resources v6.8
(https://david.ncifcrf.gov/) to identify biological pro-
cesses, cellular components, molecular function, and
pathway annotation of the common genes [24]. A
p <0.05 value was considered significant for enrich-
ment analyses.

Statistical analysis

Continuous variables were compared across the
disease groups (HC, AD, and FTD) using one-way
ANOVA while categorical variables were compared
using Chi-square test. Normality assumption was
assessed by visual inspection via PP plots on the
residuals of the ANOVA test. No major deviation
from normality assumption was observed. Significant
ANOVA results were followed by least signifi-
cant difference (LSD) and Bonferroni’s post hoc
tests. Correlations between clinical data and miRNA
expression levels were calculated using Pearson’s
correlation. The diagnostic accuracy of miRNAs was
assessed with the receiving operating characteristic
(ROC) curve analysis. p <0.05 was considered sta-
tistically significant. All statistics were done using
SPSS version 23 (IBM).

RESULTS

A total of 48 participants were included in this
study: 8 HCs, 12 FTD, and 28 AD cases. The
demographics and clinical characteristics of our
study cohort are presented in Table 1. There was
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Fig. 1. Relative expression of miR-204-5p, miR-320a, and miR-328-3p in exosomes from CSF of young-onset AD, FTD, and HCs. Data
are presented as the mean + SEM. One-way ANOVA with Bonferroni post hoc test was used to compare the differences between disease

groups. *p <0.05; **p <0.01.
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Fig. 2. Receiving operating characteristic (ROC) curves of CSF exosomal miR-328-3p, miR-204-5p, and miR-320a levels between AD,

FTD and HC. *p<0.05; **p<0.01.

no significant association between all three miR-
NAs (miR-204-5p, miR-320a, and miR-328-3p) and
age, gender, or education (p>0.05). Within patient
groups, none of the miRNAs showed significant cor-
relation with global cognitive scores as measured by
the MMSE and MoCA (p >0.05).

The relative expression of CSF exosomal miR-
204-5p, miR-320a, and miR-328-3p differed across
the three groups (p =0.041, p=0.006, and p=0.016,
respectively; Fig. 1). Post-hoc analysis revealed:

(1) Lower miR-204-5p expression levels in AD
(p=0.012, Bonferroni corrected p=0.036)
and FTD (p=0.057, Bonferroni corrected
p=0.170) compared to HCs. There was no
difference in miR-204-5p levels between AD
and FTD (p=0.654). No significant associa-
tion with CSF A4, t-tau, and p-tau levels was
found.

The relative expression of miR-320a was sig-
nificantly lower in AD (p=0.002, Bonferroni
corrected p =0.005) and FTD cases (p=0.016,
Bonferroni corrected p=0.049) compared to
HCs, but no difference was found between AD

(ii)

and FTD groups (p =0.537). There was no sig-
nificant association with CSF AB43, t-tau, and
p-tau levels.

miR-328-3p expression levels were lowest in
AD cases, compared to HCs (p =0.016, Bonfer-
roni corrected p=0.049) and FTD (p=0.018,
Bonferroni corrected p = 0.054). Within patient
groups, lower miR-328-3p expression corre-
lated significantly with lower CSF A4, levels
(r=0.359, p=0.029), but not with t-tau and
p-tau. Additionally, we found that lower miR-
328-3p levels could differentiate AD from FTD
and HCs with AUC: 0.702, 95% CI: 0.534-
0.870. Results of ROC analysis are shown in
Fig. 2.

(iii)

Given that the result of lower miR-328-3p expres-
sion levels in AD was consistent with our earlier
findings in our miRNA-sequencing discovery cohort
and its ability to differentiate AD from FTD and
HCs, we sought to identify the possible down-
stream pathway enriched by the target mRNAs of
miR-328-3p. Using two computational prediction
databases (TargetScan and miRDB), we found 69
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Fig. 3. Cryo-transmission electron microscopy images of exosomes isolated from CSF sample. (A) Double-walled membrane vesicles
identified from CSF sample. (B) High-resolution micrograph of the double-walled membrane vesicle. Scale bar (A) 200 nm and (B) 50 nm,
respectively. (C) Size distribution and concentration of isolated exosomes evaluated by Nanosight.

overlapping mRNAs targeted by miR-328-3p (Sup-
plementary Material). These target mRNAs were
then subjected to Gene-annotation enrichment anal-
yses using DAVID Bioinformatic Resources (v6.8)
to identify the functional role of miRNA targets
(see the Supplementary Material for more details).
Gene Ontology (GO) analysis revealed enrichment
in biological processes involving negative regulation
of translation, neural tube formation, regulation of
neural precursor cell proliferation, and insulin recep-
tor signaling pathway. The molecular functions of
target genes included protein binding, beta-catenin
binding, sequence-specific DNA binding, and trans-
lation repressor activity. Cellular components that
were enriched include early endosome, cytoplasm,
cytosol, and membrane. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis iden-
tified potential targets of miR-328-3p implicated in
the AMP-activated protein kinase (AMPK) signaling
pathway, acute myeloid leukemia, mTOR signaling
pathway, and choline metabolism in cancer, with
the most significantly enriched pathway being the
AMPK signaling pathway. The target genes mapped
in this pathway include CPTIA, EIF4EBPI, TSCI,
and PPP2R5D.

DISCUSSION

In our search for viable diagnostic biomarkers,
we sought to validate three CSF exosomal miRNA

targets that have previously shown to be altered in
dementia compared to HCs. We showed that CSF
exosomal miR-320a and miR-204-5p levels were
markers for dementia, being significantly downreg-
ulated in AD and FTD compared to HCs but could
not differentiate AD from FTD. CSF exosomal miR-
328-3p, however, was downregulated in AD patients
and could differentiate AD from HCs, and from FTD.

Downregulation of miR-320a has been reported
in the serum of AD and sporadic bvFTD patients
compared to HC, where miR-320a and miR-320b
showed good diagnostic accuracy at discriminating
bvFTD and AD cases from controls [25]. In our study,
we similarly found that miR-320a could discriminate
AD and FTD from HCs, but not between diagnostic
groups. Overall, our study provides further validation
of downregulated miR-320a as a marker for dementia.

CSF exosomal miR-204-5p has had conflicting
results where it was significantly downregulated in
symptomatic genetic FTD mutation carriers com-
pared to presymptomatic carriers and non-carriers but
not in a cohort of sporadic FTD cases compared to
HC [9]. We found downregulation of miR-204-5p in
our sporadic FTD cases compared to controls, but this
downregulation was also seen in our AD cases and
may reflect underlying symptomatic neurodegener-
ation rather than specific disease pathophysiology.
Moreover, target genes of miR-204-5p were pre-
viously reported to be highly expressed in frontal
and temporal lobes [9]—regions that are commonly
affected in FTD and some variants of YOAD. These
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findings provide opportunity for miR-204-5p to be
validated in further studies.

Importantly, we report for the first time that CSF
exosomal miR-328-3p was significantly downregu-
lated in AD compared to FTD and HC. This result
was in accordance with and validated the findings
from our previous miRNA-sequencing analysis on
peripheral blood from a separate AD cohort (Chia
et al., under review). Moreover, lower miR-328-3p
expression showed significant association with lower
CSF A4 levels, a result that can be supported by
findings of lower miR-328 expression levels in the
hippocampus of APPgy/PS1 mice [15], correlating
with higher BACEI protein expression, which was
reported to be increased in the brain of AD patients
[26]. Serum miR-328-3p expression has also been
reported to be downregulated in children with autism
spectrum disorder [18].

Pathway analysis suggests that the target genes
of miR-328-3p are involved in the AMPK signaling
pathway, which has been reported to be affected in
AD [27]. The target genes mapped in this pathway
include CPTIA, EIF4EBPI, TSCI, and PPP2R5D.
AMPK is one of the central regulators of cellular
and organismal metabolism in eukaryotes, regulat-
ing growth and reprogramming metabolism, and
involved in cellular processes such as autophagy and
cell polarity [28]. In AD, the AMPK signaling path-
way was proposed to be involved in the degradation
of amyloid-B peptides and in tau phosphorylation
[27], the two key hallmarks of AD. In vivo stud-
ies have shown that AMPK hyperactivation leads
to reduced synaptic integrity [29, 30]. Decreased
mRNA expression of AMPK was reported in the
hippocampus of aging and transgenic AD mice and
impaired AMPK function in mice displayed AD-like
tau hyperphosphorylation and memory impairment
[31]. The target genes mapped in this pathway include
CPTIA, EIF4EBPI, TSCI, and PPP2R5D. Carni-
tine Palmitoyltransferase 1A (CPTIA) resides in the
outer mitochondrial membrane and is involved in
fatty acid oxidation, a process that is affected in AD
[32]. Reduced CPT activity in AD has been suggested
by previous studies [33, 34]. Eukaryotic translation
initiation factor 4E-binding protein 1 (EIF4EBPI)
functions as a translation repressor protein, and phos-
phorylated EIFAEBPI levels have been reported to
be significantly increased in AD brains compared
to controls [35], while increased levels have been
found in the CSF and plasma of AD patients [36].
Interestingly, tuberous sclerosis protein 1 (7SC/) has
been genetically linked with AD, while loss of TSC/

is associated with tauopathy in in vitro and in vivo
studies [37, 38]. Protein Phosphatase 2 Regulatory
Subunit B’Delta (PPP2R5D) has also been asso-
ciated with tau hyperphosphorylation [39, 40] and
studies have reported decreased PPP2R5D expres-
sion and activity in the AD hippocampus [41, 42].
Taken together, downregulation of miR-328-3p could
contribute to AD pathology through dysregulation of
the AMPK pathway and its target genes, potentially
affecting downstream processes that may result in
abnormal amyloid-f3, tau, and fatty acid metabolism.
Experimental validation of these molecules in AD is
warranted in future studies.

Overall, we validated the downregulation of CSF
exosomal miR-320a and miR-204-5p in AD and FTD
compared to HCs, while we also show the potential
of miR-328-3p as a novel diagnostic biomarker for
AD. Future studies with a larger cohort of patients
and HCs are needed to confirm these key findings.
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