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ORIGINAL ARTICLE
Prognostic serum miRNA biomarkers associated with

Alzheimer’s disease shows concordance with
neuropsychological and neuroimaging assessment

L Cheng'?, JD Doecke®*, RA Sharples'?, VL Villemagne®®’, CJ Fowler’, A Rembach’, RN Martins®, CC Rowe>®, SL Macaulay®,
CL Masters’” and AF Hill'?, for the Australian Imaging, Biomarkers and Lifestyle (AIBL) Research Group

There is no consensus for a blood-based test for the early diagnosis of Alzheimer’s disease (AD). Expression profiling of small non-

coding RNA'’s, microRNA (miRNA), has revealed diagnostic potential in human diseases. Circulating miRNA are found in small
vesicles known as exosomes within biological fluids such as human serum. The aim of this work was to determine a set of

differential exosomal miRNA biomarkers between healthy and AD patients, which may aid in diagnosis. Using next-generation deep

sequencing, we profiled exosomal miRNA from serum (N =49) collected from the Australian Imaging, Biomarkers and Lifestyle
Flagship Study (AIBL). Sequencing results were validated using quantitative reverse transcription PCR (qRT-PCR; N =60), with

predictions performed using the Random Forest method. Additional risk factors collected during the 4.5-year AIBL Study including
clinical, medical and cognitive assessments, and amyloid neuroimaging with positron emission tomography were assessed. An AD-
specific 16-miRNA signature was selected and adding established risk factors including age, sex and apolipoprotein €4 (APOE &4)
allele status to the panel of deregulated miRNA resulted in a sensitivity and specificity of 87% and 77%, respectively, for predicting
AD. Furthermore, amyloid neuroimaging information for those healthy control subjects incorrectly classified with AD-suggested
progression in these participants towards AD. These data suggest that an exosomal miRNA signature may have potential to be

developed as a suitable peripheral screening tool for AD.
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INTRODUCTION

Alzheimer’s disease (AD) is characterised by the accumulation of
the beta-amyloid peptide (AB) that is proteolytically cleaved from
the amyloid precursor protein (APP).! Positron emission tomo-
graphy (PET) scanning using carbon-11-labelled Pittsburgh
compound B ("'C-PiB) to image AR has shown that AB deposition
is a slow pathological process that occurs over a period of two
decades.? Thus, the long preclinical phases before the onset of
dementia presents a challenge for early diagnosis and stratifica-
tion of AD patients. Progress in developing methods to
characterise AD has been assisted by recruiting cohorts of healthy
aged individuals and those with AD, which have produced
promising diagnostic/prognostic methods such as AB imaging
using PET?> and the measurement of AR levels in cerebro-
spinal fluid (CSF). Although these methods have shown excellent
diagnostic/prognostic accuracy for AD, the high costs of PET and
invasive nature of CSF collection currently preclude their utility for
routine clinical testing. Therefore, a non-invasive and high-
throughput  blood-based test is required for improved
population-based screening and patient care in order to refer
patients for further examination. In addition, with numerous drug
trials aiming to treat AD, a blood-based test would be ideal to

enrich cohorts of AD cases followed by monitoring the potential
benefits and side effects of therapeutic drugs.

MicroRNA (miRNA) are non-coding RNA species of 22 nucleo-
tides that are transcribed in all tissues and cells* The function of
miRNA are to bind complementary sites of the 3’ untranslated
region of their mRNA targets resulting in downregulation of gene
expression” mMiRNAs can be released into the extracellular
environment by binding to RNA-binding proteins or through
secretion in cell-derived plasma microvesicles such as exosomes.®™
The profile of miRNA expression levels when sampled in the
extracellular environment can therefore reflect the physiological
state of the biological system. Profiles of deregulated miRNA
isolated from plasma and serum”® have been generated and
suggest that these have diagnostic potential for human disease.

Exosomes isolated from serum have been shown to be highly
enriched in miRNA and a number of specific miRNA genes are
specifically found in exosomes.'®'" The value of analysing
enriched exosomal miRNA is greater than that of non-exosomal
miRNA, as miRNA is essentially diluted in circulating blood that
results in an increased signal-to-noise ratio. This suggests that
exosomal miRNA in the body can be analysed and provide a
disease-specific diagnostic picture that can be applied to predict
the onset of AD and/or monitor the various stages of AD.
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Recent developments in high-throughput next-generation
sequencing (NGS) have enabled profiling of miRNA levels in
biological fluids as a viable diagnostic method for biomarker
discovery.'? Previously, we observed that miRNA were significantly
enriched in exosomes isolated from serum compared with non-
exosomal cell-free samples.'" The isolation of exosomes typically
involves up to 4h of sequential ultracentrifugation steps.®” %™
Increased purity of exosomes devoid of other extracellular vesicles
can be further isolated by density gradients.'® Isolating a pure
population of exosomes is essential when investigating function-
ality and biogenesis but may not be of high priority in biomarkers
studies. It is more desirable for a biomarker to be specific, sensitive
and reproducible. Thus, we also considered more efficient
methods of exosome isolation by comparing miRNA exosomal
profiles isolated by a commercial exosomal isolation kit with
profiles from serum exosomes isolated by the ultracentrifuge.'’
We found that the miRNA profiles obtained from the Norgen
Biotek Plasma/Serum Exosomal RNA kit were similar to profiles
extracted from characterised exosomes isolated by the ultracen-
trifugation method.'" In order to develop a biomarker, one priority
for this study was to produce a method that could be reproducible
across any laboratory or diagnostic clinic that may not have access
to an ultracentrifuge. The use of the commercial kit would allow
reproducibility across collection sites including the ability to
efficiently process large number of samples.

In this study, we profiled exosomal miRNA to determine a set of
differential exosomal miRNA biomarkers between healthy and AD
patients through unbiased NGS followed by quantitative reverse
transcription PCR (qRT-PCR) validation. Human serum was
collected by the Australian Imaging, Biomarkers and Lifestyle
Group (AIBL) Flagship Study of Aging, which is a large longitudinal
study committed to discovering the biomarkers and lifestyle
factors that determine the prevalence of AD."*'® From healthy
and AD participants in the AIBL cohort, we identified an AD-
specific 16-miRNA signature from the NGS training set, which was
validated using qRT-PCR to predict AD.

MATERIALS AND METHODS
Participants

Participants were selected from the Melbourne arm of AIBL (www.aibl.
csiro.au) and divided into three groups: healthy controls (HC), mild
cognitive impairment (MCl) and AD based on the established criteria from
the National Institute of Neurological and Communicative Diseases and
Stroke-Alzheimer’'s Disease and Related Disorders Association (NINCDS-
ADRDA)"’, which has been described in detail elsewhere.'® Blood samples
were collected from all participants (fasting) from whole-blood venepunc-
ture into Sarstedt s-monovette serum-gel 7.5-ml tubes (Sarstedt, Mawson
Lakes, SA, Australia). Serum-gel tubes were processed within 2h of
collection and serum was snap-frozen in liquid nitrogen. In the discovery
sample set, serum from 49 participants (HC, 23; MCl, 3 and AD, 23) were
collected for deep sequencing and serum from 60 participants (HC, 36;
MCI, 8 and AD, 16) were collected for validation. All individuals included
were assessed for full blood pathology (Melbourne Health and PathWest
Laboratory Medicine), apolipoprotein €4 (APOE €4) genotyping and
assessment of cognitive functions (mini-mental state examination) at the
time of collection.'® Of these, 83 (23 in the discovery set and 60 in the
validation set) participants underwent AP neuroimaging with PiB-PET. A
burden was expressed as ''C-PiB-standardised uptake value ratio (PiB-
SUVR) as previously described.? Participant data from both baseline and
54-month time points were available for analyses. Informed consent was
obtained from all AIBL participants and ethics were approved by the
institutional ethics committees of Austin Health and St Vincent's Health.

Small RNA deep sequencing and qRT-PCR validation

Serum exosomal RNA was isolated by using the Plasma/Serum Exosomal
RNA Isolation Kit (formerly no. 49200, repackaged to no. 51000 Plasma/
Serum Circulating and Exosomal RNA Purification Mini Kit; Norgen Biotek,
ON, Canada) from 1 ml serum per participant following the manufacturers’
protocol. The total exosomal RNA yield, composition and quality were
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analysed by the Agilent 2100 Bioanalyser using the Small RNA kit (Agilent,
Agilent Technologies, Santa Clara, CA, USA). Exosomal RNA was converted
into cDNA libraries using the lon Total RNA-Seq Kit V2 (Life Technologies,
Mulgrave, VIC, Australia) and prepared for sequencing as described
previously.'® Pooled libraries with unique barcodes were loaded on 318
sequencing chips and run on the lon Torrent Personal Genome Machine
(Life Technologies).18 The sequences were then assessed for quality and
primer-adapter sequences were trimmed by the Torrent Suite software
(version 3.4.1; Life Technologies), followed by alignment to the human
reference genome (HG19). The trimmed and aligned data was transferred
to Partek Genomics Suite (Partek, Singapore) and mapped to known miRNA
using miRBase version 20. Bioinformatics analysis and differential expres-
sion was performed using Partek Genomics Suite. The panel of candidate
miRNA found highly associated with AD (including positive and negative
controls) were used for validation on a new set of serum samples collected
from AIBL. Using the GENorm method as implemented in the Bioconductor
package NormgPCR, a similar algorithm' was applied on the deep
sequencing data to identify an endogenous normaliser in these samples
(Supplementary Figure 1). Hsa-miR-451 was the most stable endogenous
representative, with the lowest ‘M’ score. Other potential endogenous
controls include hsa-miR-223-3p, hsa-miR-486-5p and hsa-miR-191-5p.
Serum samples for the validation study were also spiked with synthetic
Caenorhabditis elegans miR-39 (cel-miR-39, Qiagen, Chadstone, VIC,
Australia) during exosomal RNA extraction to monitor extraction efficiency
and for normalisation purposes. Upon processing of the serum samples as
above, 1 ng of exosomal miRNA was converted to cDNA (TagMan MicroRNA
Reverse Transcription Kit, Applied Biosystems, Mulgrave, VIC, Australia)
according to the manufacturers’ protocol with a primer pool containing 23
miRNA assays (TagMan microRNA assays, 5x, Applied Biosystems). cDNA
samples were pre-amplified (TagMan PreAmp Master Mix Kit, Applied
Biosystems) and gRT-PCR (TagMan Fast Advanced Master Mix, Applied
Biosystems) was performed using individual miRNA assays (TagMan
microRNA assays, 20x, Applied Biosystems) and run on the ViiA 7 Real-
Time PCR System (Life Technologies) across a 384-well format. Reverse
transcription and pre-amplification no template controls using primer pools
and individual assays were also prepared to ensure there was no
background amplification of miRNA assays. Raw C; data was uploaded to
DataAssist (Applied Biosystems) to calculate delta C; (AC) using normal-
isation controls (cel-miR-39 and hsa-miR-451), which were then used for
further statistical analysis.

Statistical analysis

To analyse the deep sequencing data, the number of reads of each miRNA
were normalised to reads per million across all samples. Low abundant
miRNAs with < 50 read counts across all samples were removed thus, high
abundant miRNAs were analysed in this study. Initial statistical analysis of
miRNA expression changes was performed using the Partek Genomics
Suite. Selection of miRNAs was based upon analysis of variance (ANOVA)
comparing HC and AD groups (clinical classification at the time of
collection). Probability values were adjusted for multiple testing using the
false discovery rate method. Significant changes in miRNA expression were
expressed in fold change (Log,) and defined as P (AD vs HC) <0.05, P (AD,
MCI and HC) <0.05 and +1.2-fold change. Generalised linear modelling
was performed to assess each miRNA chosen from the initial analyses
adjusted for age, gender and APOE &4 allele status. Further classification
(discovery data set) and prediction (validation data set) analyses was
performed using Random Forest analyses. From these models, sensitivity
and specificity, and related statistics were calculated. All statistical analyses
were performed using the R statistical environment, version 3.02.

RESULTS

Exosomal miRNA discovery set analyses

The characteristics of the participants included in this study are
shown in Table 1. The prevalence of APOE €4 was significantly
higher in the AD group compared with HCs (P=0.006). AD
participants performed significantly worse in the mini-mental
state examination (P=0.006) and obtained low clinical dementia
ratings (P < 0.0001) and composite scores (composite score 1:
P<0.0001 and composite score 2: P<0.0001) as expected.
Deep sequencing of the exosomal RNA extracted from serum
samples was performed and sequences were mapped to miRBase
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version 20. Approximately half of the reads obtained (43%) from
small RNA sequencing corresponded with miRNA sequences
(Supplementary Table 1). Overall, the sample cohort mapped to
1419 known human miRNA sequences (Supplementary Table 2).
Following normalisation of reads and performing ANOVA analyses,
17 miRNA were found to be significantly deregulated (P ANOVA
(AD vs HC) £0.05, P ANOVA (AD, MCl and HC) £0.05 and + 1.2-fold
change; Figure 1); 14 miRNA were found to be upregulated (hsa-
miR-361-5p, hsa-miR-30e-5p, hsa-miR-93-5p, hsa-miR-15a-5p, hsa-

Table 1. Demographics and clinical makeup of discovery and
validation set

Discovery set HC mci AD P-value®
N 23 3 23

Age (mean +s.d.) 73.07 76.91 (4.4) 78.89 0.034

(7.57) (7.33)

Gender (F/M) 10/13 1/2 13/9 0.484
APOE €4 (—ve/+ve) 18/5 1/2 7/15 0.006
MMSE (mean +s.d.) 29 (1.25) 23 (5.66) 15 (8.66) < 0.0001
Composite score 1 0.26 -2.04 -241 < 0.0001
(mean +s.d.) (0.73) (0.80) (0.25)

Composite score 2 0.10 -1.79 -2.10 < 0.0001
(mean +s.d.) (1.10) (1.18) (0.90)

Validation set HC mcl AD P-value®
N 36 8 16

Age (mean +s.d.) 7855 7891 (6.3) 78.29 0.963

(6.52) (7.55)

Gender (F/M) 21/14 4/4 10/5 0.737
APOE ¢4 (—ve/+ve) 27/8 6/2 2/13 0.0001
MMSE (mean +s.d.) 30 (1.08) 29 (2.03) 21 (8.14) < 0.0001
Composite score 1 0 (0.59) -1.16 -2.02 < 0.0001
(mean +s.d.) (0.65) (0.65)

Composite score 2 0 (0.91) -0.63 -1.64 0.046
(mean +s.d.) (0.7) (0.4)

Abbreviations:

AD, Alzheimer’s disease; APOE ¢4, apolipoprotein €4; F,
female; HC, healthy control; M, male; MCI, mild cognitive impairment;
MMSE, mini-mental state examination. *Compared with healthy controls.
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miR-143-3p, hsa-miR-335-5p, hsa-miR-106b-5p, hsa-miR-101-3p,
hsa-miR-424-5p, hsa-miR-106a-5p, hsa-miR-18b-5p, hsa-miR-3065-
5p, hsa-miR-20a-5p and hsa-miR-582-5p) and three miRNA were
found to be downregulated (hsa-miR-1306-5p, hsa-miR-342-3p
and 15b-3p; Table 2). Upon post adjustment of age, APOE €4 allele
status and sex (generalised linear modelling), the majority of
miRNA remained statistically significant upon contrasting within
all attribute groups (AD, MCl and HC) and between AD and HC
(Table 2). Although there were only three MCI participants in the
study, MCl occurs in the general population, and should be
included in the machine learning model, which can handle the use
of multiple classification groups.

Partitioning Around Medoids clustering of the 17 miRNA
revealed two main clusters: one for those miRNAs upregulated
in AD and the other for those downregulated in AD. Further
investigation of these identified four clusters (Figure 2a), with
stepwise increases in miRNA expression across APOE &4 allele
carriers and clinical classification (Figure 2b). Delineation into
miRNA cluster averages showed clear associations with APOE €4
allele status (Figure 2c), confirming the stepwise increases shown
by assessing miRNA by cluster. Variable selection using Random
Forest analysis (Figure 2d) defined hsa-miR-1306-5p as contribut-
ing more towards clinical classification than age, indicating this
miRNA as vitally important in class separation.

Receiver operating characteristic analysis statistics for each
miRNA  marker of the discovery phase are shown in
Supplementary Table 4. The receiver operating characteristic
analyses were performed using the raw sequence count data to
estimate the performance of each miRNA to predict AD. Criterion
cut points were chosen by taking the closest point on the curve to
the top left corner of the receiver operating characteristic curve,
approximating the most optimum performance for each marker.
Independently, the miRNAs were displayed between 35% and
100% sensitivity and specificity, respectively. Similar to the
Random Forest model, hsa-miR-1306-5p showed the greatest
combined, sensitivity and specificity (87.5% and 70%, respectively;
P= 0.0008).

gRT-PCR validation set analyses

All participants in the validation set (n= 60, Table 1) underwent
full assessment including PiB-PET neuroimaging performed at

hsa-miR-3065-5p
hsa-miR-582-5p
hsa-miR-143-3p
hsa-miR-424-5p
hsa-miR-361-5p
hsa-miR-335-5p
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hsa-miR-15b-3p
hsa-miR-342-3p

0.00 1.60

Hierarchical clustering of differentially expressed exosomal microRNA (miRNA) biomarkers obtained from healthy controls (HC) and

participants with Alzheimer’s disease (AD). Using the deep sequencing data obtained from the discovery set, hierarchical clustering was
performed using Partek Genomics Suite on significantly differentially expressed miRNA using Euclidean average linkage by miRNA. Seventeen
miRNAs were found to be significantly deregulated (P (AD vs HC) < 0.05, P (AD, mild cognitive impairment (MCl) and HC) <0.05 and =+ 1.2-fold
change). There are two major nodes of the dendrogram. Node 1 contains 15 miRNAs that were found to be upregulated (hsa-miR-361-5p, hsa-
miR-30e-5p, hsa-miR-93-5p, hsa-miR-15a-5p, hsa-miR-143-3p, hsa-miR-335-5p, hsa-miR-106b-5p, hsa-miR-101-3p, hsa-miR-424-5p, hsa-
miR-106a-5p, hsa-miR-18b-5p, hsa-miR-3065-5p, hsa-miR-20a-5p, hsa-miR-3065-5p and hsa-miR-582-5p). Node 2 contains three miRNAs that
were found to be downregulated (hsa-miR-1306-5p, hsa-miR-342-3p and hsa-miR-15b-3p; Table 2). Patient samples were arranged by attribute

(HC, MClI and AD).
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Table 2. Number of reads obtained from deep sequencing data per miRNA across each clinical classification

Cluster  miRNA HC mcl AD Fold change P-value P-value (GLM) @

Mean RPM (s.d.) Mean RPM (s.d.) Mean RPM (s.d.) ANOVA All groups All groups HC vs AD HC vs AD
(unadjusted)  (adjusted)  (unadjusted)  (adjusted)

1 hsa-miR-30e-5p 85.38 (18.81) 160.39 (34.93) 111.26 (35.59) 1.3 1.10E-04 0.02 0.03 0.01 0.01

1 hsa-miR-101-3p 75.14 (20.29) 164.98 (118.45) 107.38 (63.26) 143 0.01 0.1 0.44 0.07 0.01

1 hsa-miR-15a-5p 247222 (769.66)  4168.34 (2182.56) 3254.91 (1407.36) 1.32 0.02 0.05 0.13 0.04 0.01

1 hsa-miR-20a-5p 1774.54 (484.33)  3191.99 (1824.21) 2818.21 (1568.42) 1.59 9.53E-03 0.02 0.1 0.02 0.02

1 hsa-miR-93-5p 2577 (601.67) 3941.08 (1307.43) 3389.06 (1236.83) 1.32 9.26E-03 0.03 0.18 0.03 0.02

1 hsa-miR-106b-5p 658.56 (209.64) 1244.95 (693.21) 900.7 (462.92) 137 0.02 0.09 0.4 0.07 0.01

1 hsa-miR-18b-5p 64.7 (20.93) 105.09 (53.34) 96.48 (42.46) 1.49 6.85E-03 0.01 0.05 0.01 0.03

1 hsa-miR-106a-5p 318.95 (84.52) 396.55 (130.17) 450.94 (218.61) 141 0.03 0.04 0.23 0.05 0.01

2 hsa-miR-1306-5p 46.72 (22.26) 49.45 (14.6) 30.72 (15.19) 0.66 0.01 0.01 0.05 0.01 0.04

3 hsa—miR-3065-5pb 34.45 (23.2) 54.11 (7.36) 52.86 (27.71) 1.53 0.04 0.01 0.1 0.01 0.02

3 hsa-miR-582-5p 15.84 (10.82) 29.42 (16.55) 25.41 (12.43) 1.6 0.02 0.01 0.06 0.01 0.02

3 hsa-miR-143-3p 111.69 (53.6) 181.94 (51.29) 149.21 (52.8) 1.34 0.02 0.02 0.07 0.02 0.03

3 hsa-miR-335-5p 162.37 (66.68) 324.52 (261.5) 220.19 (88.08) 1.36 0.01 0.04 0.03 0.02 0.01

3 hsa-miR-361-5p 92.54 (37.34) 168.95 (65.87) 115.56 (30.05) 1.25 2.26E-03 0.03 0.13 0.03 0.01

3 hsa-miR-424-5p 133.39 (52.13) 276.11 (70.43) 192.54 (76.59) 1.44 5.70E-04 0.01 0.03 0.01 0.01

4 hsa-miR-342-3p 1188.13 (340.76) 1652.05 (880.91) 915.22 (240.32) 0.77 1.04E-03 0.02 0.07 0.01 0.01

4 hsa-miR-15b-3p 163.91 (44.24) 188.67 (93.58) 135.28 (38.94) 0.83 0.04 0.04 0.04 0.03 0.01
Abbreviations: AD, Alzheimer’s disease; ANOVA, analysis of variance; APOE &4, apolipoprotein £4; GLM, generalised linear modelling; HC, healthy control; MCl,
mild cognitive impairment; miRNA, microRNA; gRT-PCR, quantitative reverse transcription PCR; RPM, reads per million. The average number of total reads
obtained per sample was 780 371 (Supplementary Table 1). Reads were mapped to 1419 known mature miRNA using miRBase version 20. miRNA with < 50
reads across all samples were removed leaving 225 abundant miRNA for analysis. Raw reads (Supplementary Table 2) were normalised to RPM. RPM values for
each sample are presented in Supplementary Table 3. ANOVA was performed by comparing cohort groups with HCs. ®P-values are the result of generalised
linear modelling pre- and post adjustment with age, sex and APOE &4 allele. miRBase version 20 accession numbers are presented in Supplementary Table 3.
PHsa-miR-3065-5p was not used in the validation set as it was found to be undetectable using qRT-PCR.

baseline (before this study) and at 54 months (time of collection).
Samples were spiked with synthetic cel-miR-39 as an external
control and three highly abundant miRNA were run as endogen-
ous controls (hsa-miR-451, hsa-miR-223-3p and hsa-miR-339-5p;
Supplementary Table 5, Supplementary Figures 1 and 2). For
quality control assurance and normalisation controls, cel-miR-39
was used as an external control and hsa-miR-451 was chosen as
the endogenous control owing to its stable expression across all
samples (Supplementary Figures 1 and 2). Previously, miR-451 was
found to correlate with the degree of haemolysis.>° We detected a
maximum of 242 807 raw reads of hsa-miR-451 per 1 ml of sample
compared with 1x10° copies per microlitre of plasma with no
apparent haemolysis observed in Kirschner et al.?® This indicates
very little haemolysis in our samples most likely owing to the use
of serum separator tubes.!" Upon completion of the qRT-PCR
assay, two samples did not display appropriate threshold levels of
cel-miR-39 and hsa-miR-451, thus did not fulfil quality control
measures and were removed. In addition, hsa-miR-3065-5p was
found to be undetected (C; >35) in 40 samples. As qRT-PCR could
not detect hsa-miR-3065-5p in all samples by qRT-PCR, this miRNA
was removed from the list of biomarker candidates.

Model validation (Random Forest; Figure 2d), which incorpo-
rates all the 16 selected miRNA markers including age, gender and
APOE €4 allele correctly diagnosed 13 out of 15 AD participants
(sensitivity 87%; Table 3), and confirmed 27 out of 35 HC
participants (specificity 77%; Table 3) when comparing partici-
pants 54-month clinical classification. Five clinically healthy
participants (samples 7, 9, 16, 34 and 51, Table 3) classified as
having AD using miRNA biomarkers, were found to have high Ap
burden in the brain upon PET neuroimaging with an PiB-SUVR
>1.5 across four time points of the AIBL longitudinal study,
suggestive of higher risk of clinical manifestation of AD. Three
female clinically healthy participants (samples 8, 17 and 39) were
also classified as having AD using miRNA biomarkers, although
showed low AB burden upon neuroimaging (PiB-SUVR < 1.5), they
were APOE €4 carriers. Case-by-case information is presented in
Table 3. Box plots of qRT-PCR data for each miRNA marker
stratified by clinical classification are presented in Figure 3.
Although a number of miRNA biomarkers show some overlap
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between AD and HC groups, the final model incorporates all
biomarkers to classify patients.

As our cohort size for MCI participants was small, we were
unable to train our model to predict progression from HC to MCI
or MClI to AD. Instead, we applied HC and AD thresholds to predict
MClI participants in the validation set. Of the eight MCl participants
at 54 months, two were classified as having AD (samples 27 and
53), whereas the remaining six were classified as HCs (Table 3).
Further investigation using levels of neocortical AB burden as
determined by PiB-PET imaging show that those MCI participants
classified as having AD had high PiB-SUVR (> 1.5), suggesting that
these participants may represent prodromal AD cases. Further-
more, three MCl participants who were classified as HC all had low
PiB-SUVR and were negative for APOE €4, suggesting that they are
not on an AD type dementia pathway. The remaining participants
(samples 26, 28, 37, 49 and 29) incorrectly classified do not carry
APOE €4 and were classified as HCs. Interestingly, sample 49,
clinically classified as AD with a MMSE score of 10, displayed the
highest PiB-SUVR score of 3.03 however, was classified as healthy
using MiRNA biomarkers (Table 3). This may indicate that the
miRNA biomarkers are not suitable for late-stage AD diagnosis but
are better predictors during early- to mid-stage AD during A
deposition.

DISCUSSION

The use of exosomes compared with cell-free or whole blood has
a number of disease-specific advantages for diagnostic purposes.
First, isolating the enriched miRNA in exosomes from biological
samples of AD participants would remove insignificant circulating
non-exosomal miRNA expressed in both AD and HC participants,
thus providing a better performing predictive AD diagnosis.
Second, miRNA originating from the brain have been shown to
cross the endothelial cellular layers of the blood-brain barrier by
transcytosis of exosomes across the endothelial layer in order to
communicate between the brain and distant organs via biological
fluids.2" Third, evidence has revealed that exosomes serve as a
RNase-protective vesicle that shield miRNA from RNase-rich
environments such as the circulatory system.?? Furthermore,
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Figure 2.
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Clustering and random forest testing of correlated microRNA (miRNA) identified in healthy controls and participants with

Alzheimer’s disease (AD) within the discovery set. (a) Partitioning Around Medoids clustering of the 16 miRNAs used for validation. Two main
clusters were found. One cluster included miRNAs upregulated in AD and the other one for those downregulated in AD. These two main
clusters were broken into two further clusters each generating four clustered miRNA groups. (b) miRNA in clusters 1 and 3 show an increased
mean expression across apolipoprotein €4 (APOE £4) allele and clinical classification. Cluster 2 and 4 represent a decrease in mean expression
across (APOE ¢4 allele and clinical classification. (c) Box plots of miRNA clusters displaying associations with APOE ¢4 allele status and clinical
classification. (d) Variable selection via Random Forest analyses ordered by importance of contribution towards clinical classification. The

miRNAs found in each cluster are listed in Table 2.

specific packaging of miRNA into exosomes®> and increased
secretion of microvesicles into peripheral blood of cancer patients
compared with healthy patients®* suggests the importance of
exosomes in the role of extracellular communication during
disease. These factors allow the possibility of profiling disease-
specific miRNA that are found enriched from exosomes.
Biomarker studies attempting to validate a large panel
consisting of low abundant miRNAs or non-exosomal samples
have resulted in moderate success during validation that resulted
in changes of direction in expression between deep sequencing
and gRT-PCR. Deep sequencing of Paxgene tubes generated a
large panel of 180 deregulated miRNA in AD participants.
Bioinformatics analysis using predictive tools was required to
narrow the panel from 180 to 12 miRNA for validation, thus
potentially losing disease specificity.”> Using cell-free plasma, a
7-miRNA AD-associated signature was obtained from a total of
227 miRNA sequenced using Nanostring technology.?® Although
these studies demonstrate high accuracy, analysing exosomal
miRNA would enrich disease-specific miRNA, which has shown
relevancy when detecting central nervous system-related dis-
orders. There have been a number of reports demonstrating the
association of exosomes and neuronal proteins.'"?’72° We have

© 2014 Macmillan Publishers Limited

shown that exosomes are enriched with miRNA that target various
neuronal-signalling pathways.'" Upon comparing the levels of the
7-miRNA published in Kumar et al,*® we detected a significant
enrichment of all seven miRNAs in exosomes within our study
when comparing exosomal plasma samples with matching cell-
free plasma samples (unpublished data).'"?® Nonetheless, it is
difficult to compare the two studies that use different bio-fluids,
sample processing methods and deep sequencing platforms.
Further evidence has shown that the nuclear ribonucleoprotein,
hnRNPA2B1, which contains a Prion-like domain and is involved in
transport of MRNA in neurones, is implicated in specific loading of
miRNA species into exosomes.?” In addition, exosomes secreted
into the extracellular environment are potentially involved in the
pathogenesis of AD and Prion disease.?>° We have shown that
APP and its various fragments, including AP, are found in
association with exosomes.?®

Many of the miRNA identified in this study have been shown to
be implicated in AD pathogenesis using several mouse and cell
models such as hsa-miR-101-3p, hsa-miR-20a-5p, hsa-miR-106b-
5p, hsa-miR-15a-5p, hsa-miR-1306-5p, hsa-miR-15b-3p, 106b-5p,
hsa-miR-106a-5p and hsa-miR-424-5p. In particular, hsa-miR-101
targets the 3’ untranslated region of APP to significantly reduce
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Table 3. Demographics, clinical makeup and clinical classification of participants of the validation set at baseline and 54 months including diagnosis

by AD-associated exosomal miRNA signature

Sample Age Gender APOE MMSE MMSE PiB-SUVR PiB-SUVR  Clinical class. Clinical class. miRNA
no. &4 baseline 54 m baseline 54 m baseline 54 m class.
2 67 F + 28 24 2.57 297 AD AD AD
46 73 F + 25 21 2.04 NI AD AD AD
50 59 F + 23 25 1.59 NI AD AD AD
40 69 F + 30 26 2.6 NI HC AD AD
48 78 M + 30 16 2.25 2.39 HC AD AD
43 68 M + 30 17 2.27 2.55 HC AD AD
5 75 F + 27 21 2.64 2.82 MCI AD AD
4 84 M + 26 23 244 248 MCI AD AD
58 77 F + 27 26 2.06 NI MCI AD AD
59 80 F + 26 26 2.2 NI MCI AD AD
55 76 F + 27 27 2.1 2.31 MCI AD AD
47 84 F + 22 2 2.55 NI Mcl AD AD
1 69 M + 26 10 2.16 NI MCI AD AD
3 81 F - 29 29 1.06 1.13 HC HC HC
23 81 F - 28 30 1.16 1.07 HC HC HC
12 81 F 30 30 1.26 1.24 HC HC HC
13 88 F - 30 30 2.18 23 HC HC HC
19 80 M - 30 29 2.03 241 HC HC HC
42 86 F - 30 30 1.36 NI HC HC HC
10 74 F - 30 30 1.14 1.04 HC HC HC
11 63 M - 29 28 1.36 1.31 HC HC HC
36 65 F - 30 30 1.18 1.23 HC HC HC
32 72 F - 26 29 1.35 1.61 HC HC HC
25 78 M - 28 29 2.01 2.27 HC HC HC
18 78 F - 29 28 1.87 NI HC HC HC
15 76 F - 28 26 1.79 2.03 HC HC HC
14 74 F - 28 28 1.07 1.12 HC HC HC
22 76 F - 28 30 1.13 NI HC HC HC
20 76 M - 26 29 1.27 1.25 HC HC HC
21 74 F - 27 28 1.02 1.02 HC HC HC
35 67 F - 29 30 1.08 1.04 HC HC HC
33 63 M - 30 29 1.06 1.05 HC HC HC
45 61 F - 29 30 1.1 1.22 HC HC HC
38 72 M - 30 30 1.21 1.21 HC HC HC
44 71 M - 30 30 1.22 1.3 HC HC HC
52 74 M - 30 27 1.15 1.09 HC HC HC
54 77 M - 30 30 1.18 1.3 HC HC HC
60 61 M 29 30 1.07 1.03 HC HC HC
56 76 F - 29 28 1.19 1.39 HC HC HC
24 72 M - 29 30 1.17 1.2 HC HC HC
9 73 F + 29 29 1.69 1.75 HC HC AD
51 82 M + 30 29 233 237 HC HC AD
7 79 F + 28 27 2.07 NI HC HC AD
16 74 M + 29 30 1.35 1.52 HC HC AD
34 72 M + 29 30 1.57 1.78 HC HC AD
17 76 F + 30 30 1.1 1.08 HC HC AD
8 69 F + 30 30 1.21 NI HC HC AD
39 68 F + 30 30 1.06 1.15 HC HC AD
27 70 M + 26 28 2.05 2.56 MCI McClI AD
53 76 M + 26 30 1.65 2.06 Mcl MClI AD
57 82 F - 29 29 1.1 1.22 MCI Mcl HC
41 78 F - 27 30 1.05 1.2 HC McCl HC
6 79 M 27 29 1 1.03 MCI MCI HC
26 68 F 30 29 14 NI Mcl mcl HC
28 78 M - 28 25 2.16 2.38 McCl McCl HC
37 64 F - 30 25 1.62 1.82 MCI MCI HC
49 82 M - 20 10 3.04 3.03 AD AD HC
29 65 F - 24 6 1.92 2.12 MCI AD HC

Abbreviations: AD, Alzheimer’s disease; APOE €4, apolipoprotein £4; Ap, beta-amyloid peptide; class., classification; F, female; HC, healthy control; m, months; M,
male; MCI, mild cognitive impairment; miRNA, microRNA; MMSE, mini-mental state examination; NI, no information; PiB-SUVR, Carbon-11-labelled Pittsburgh
compound B-standardised uptake value ratio. Positive APOE €4 is indicated by ‘+. Negative for APOE €4 is indicated as ‘—" AP burden was expressed as PiB-
SUVR. Participants who presented with a low Ap burden in the brain upon ''C-PiB PET neuroimaging have a PiB-SUVR < 1.5. Participants who presented with
high Ap burden in the brain upon ''C-PiB PET neuroimaging have a PiB-SUVR > 1.5. Please refer to previous study for more details on PiB-SUVR.2 Clinical
classification at baseline and 54 months is diagnosed by NINCDS-ADRDA criteria for AD. Classification obtained using AD associated miRNA exosomal
biomarkers during the validation study are indicated under miRNA classification.
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Figure 3.

Box plots showing validated microRNA differentially expressed in healthy controls (HC) and participants with Alzheimer’s disease

(AD). Mean centred and scaled data were plotted between HC and AD participants. HC participants are represented by blue circular dots,

whereas AD participants are represented by red triangular dots.

APP levels and the accumulation of AB in human cell lines and
hippocampal neurones.>'*? The miR-15 family has been observed
to regulate Tau phosphorylation through ERK1 leading to neuronal
death in Neuro2a cells and primary cortical neurones.® miR-424-
5p shares the same seed sequence as miR-15, thus belonging to
the same miR-15 family of miRNAs.>* Hsa-miR-1306 was predicted
to target the 3’ untranslated region of a-secretase (ADAM10; a
disintegrin and metalloproteinase 10), responsible for the genera-
tion of secreted APP.3> The regulation of ADAM10 by hsa-
miR-1306 was demonstrated in SH-SY5Y cells expressing the 3’
untranslated region of ADAM10 under a luciferase reporting
vector, whereby hsa-miR-1306 lowered luminescent signal to 72%
compared with control cells.3®> Impairment of cellular cholesterol
efflux through suppression of ATP-binding cassette transporter A1
(ABCAT1) by hsa-miR-106 was demonstrated to result with
increased AB secretion.®® In addition, the downregulation of hsa-
miR-106b in APPswe/PSAE9 mice was found to influence
transforming growth factor-B signalling that has a role in
neuroprotection.?” Significantly, the majority of these miRNA have
also been detected in studies involving deep sequencing
strategies of brain tissue.383°

© 2014 Macmillan Publishers Limited

We detected a large coverage of miRNA extracted from
exosomal serum samples isolated for AD biomarker discovery by
NGS. The advantage of NGS is its ability to detect absolute counts
of all miRNA present in samples. However, in order to successfully
validate miRNA assays by gRT-PCR technology for diagnostic
assays, miRNA expression needs to reach the threshold of gRT-PCR
detection. Using the deep sequencing workflow performed in this
study, we estimate ~ 50 reads per million must be obtained across
the majority of biological samples for successful biomarker
validation by qRT-PCR. From the 1419 mapped miRNA identified
in this cohort, 220 highly abundant miRNA were present in all
samples across the study. The discovery set revealed 17
significantly differentially expressed exosomal miRNA in AD
participants. Upon validation by qRT-PCR, 16-miRNA were
successfully detected and displayed consistent miRNA expression
changes within AD participants when compared with expression
changes detected by NGS. The commonly used comparative delta
delta C; approach (AAC) in gRT-PCR may not be applicable for
diagnostic use as a HC group is required for every run. Therefore,
we have applied normalised AC; into a Random Forest model to
predict clinical classification. Such a model was able to predict
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clinical classification (at time of collection) with high accuracy (87%
sensitivity and 77% specificity).

Interestingly, the participant with the highest PiB-SUVR score of
3.03 was not detected as AD using miRNA biomarkers. This
highlights a possible limitation in the ability to diagnose those
with late AD, and supports the notion that the rate of
pathogenesis, in particular AR deposition, slows in the later stages
of AD when patients experience cerebral atrophy and severe
cognitive impairment.® Participants in the AIBL study were
diagnosed according to NINCDS-ADRDA criteria, which are heavily
reliant on cognitive and neuropsychological testing for a clinical
diagnosis of probable AD. Thus, in this study, we have compared
the diagnosis obtained by miRNA analysis with the participant’s
classification by NINCDS-ADRDA criteria. Although a possible
limitation of this study is the small sample size in both discovery
and validation cohorts, we demonstrate particular strength of the
classifications using the longitudinal strength of the PiB-PET
neuroimaging data.

Furthermore, the additional strength of this study comes from
the extensive database of metadata collected at baseline through
to 54 months. Each participant underwent a battery of assessment
including APOE €4 genotyping, cognitive examination and AR
neuroimaging. AP neuroimaging and APOE €4 genotyping
information for those clinical healthy participants classified with
AD in this study suggested a higher risk of progression towards AD.
Longitudinal studies performed by the AIBL group have also
shown that HC subjects with a positive AR scan are of significant
risk.*® These participants will be carefully monitored in future
time points. Taking into consideration that these HC participants
could actually be preclinical AD, the predicted specificity would
increase to 91.4%.

Owing to the significant involvement of AR and pTau in the
pathogenesis of AD, biomarker studies have been largely focused
on the detection of insoluble AR and pTau in CSF.*'*? Interest-
ingly, hsa-miR-27a-3p was found to be downregulated in CSF of
AD patients who also displayed high CSF total tau, CSF pTau and
low CSF AB.** Although these CSF biomarkers have shown high
accuracy for confirmation of clinical diagnosis, the collection of
CSF is an invasive method requiring highly trained personnel to
perform a high-risk lumbar puncture. Large variations in CSF
biomarker measurements have been observed between studies,
and between and within laboratories, thus CSF testing would need
to be centralised.** Longitudinal cohort studies such as AIBL and
Alzheimer’s Disease Neuroimaging Initiative have demonstrated
that AB neuroimaging is able to detect abnormal AP deposition
~20 years before AB reaches the level observed in AD.? Other
promising biomarkers of AD involve metabolomics and lipodo-
mics profiling, whereby a set of 10 lipids and metabolites from
plasma was found to predict conversion to MCl or AD within a 2-3
year time frame with over 90% accuracy.*® Furthermore, a panel of
plasma proteins have also been identified to classify patients that
have progressed to AD with 90% accuracy.*® Cognitive assess-
ment, heavily reliant by NINCDS-ADRDA, can be subjective as it
can be difficult to differentiate patients with AD from normal
cognitive aging. The portfolio of AD biomarkers******7 including
exosomal miRNA biomarkers should work complementary to
provide peripheral predictive and screening tools to assist in the
early diagnosis of AD.

Ultimately, the objective and purpose of the exosomal miRNA
biomarker test is to predict future cognitive decline in asympto-
matic individuals and during the progression of patients with early
dementia before referring patients to CSF testing or specialised
PET brain imaging. Further applications of this test would help
improve diagnostic accuracy to enrich patient cohorts and will be
critical in the development of disease-modifying or preventive
therapies for AD. This study represents a vital step towards
developing a cost-effective, non-invasive and low-risk diagnostic

Molecular Psychiatry (2014), 1-9

test to detect the onset and monitor the various stages of AD in
order for physicians to provide optimal care for patients.
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