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Exosomes provide a protective and enriched source of
miRNA for biomarker proÞling compared to intracellular
and cell-free blood
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Introduction: microRNA (miRNA) are small non-coding RNA species that are transcriptionally processed in
the host cell and released extracellularly into the bloodstream. Normally involved in post-transcriptional gene
silencing, the deregulation of miRNA has been shown to influence pathogenesis of a number of diseases.
Background: Next-generation deep sequencing (NGS) has provided the ability to profile miRNA in biological
fluids making this approach a viable screening tool to detect miRNA biomarkers. However, collection and
handling procedures of blood needs to be greatly improved for miRNA analysis in order to reliably detect
differences between healthy and disease patients. Furthermore, ribonucleases present in blood can degrade
RNA upon collection rendering extracellular miRNA at risk of degradation. These factors have consequently
decreased sensitivity and specificity of miRNA biomarker assays.
Method: Here, we use NGS to profile miRNA in various blood components and identify differences in
profiles within peripheral blood compared to cell-free plasma or serum and extracellular vesicles known as
exosomes. We also analyse and compare the miRNA content in exosomes prepared by ultracentrifugation
methods and commercial exosome isolation kits including treating samples with RNaseA.
Conclusion: This study demonstrates that exosomal RNA is protected by RNaseA treatment and that
exosomes provide a consistent source of miRNA for disease biomarker detection.

Keywords: microRNA; exosomes; serum; plasma; deep sequencing.

*Correspondence to: Andrew F. Hill, Department of Biochemistry and Molecular Biology, Bio21 Molecular
Science and Biotechnology Institute, University of Melbourne, 30 Flemington Road, Parkville, VIC 3010,
Australia, Email: a.hill@unimelb.edu.au

To access the supplementary material to this article, please see Supplementary files under Article Tools online.

Received: 4 January 2014; Revised: 10 February 2014; Accepted: 11 February 2014; Published: 26 March 2014

T
here has been significant interest in using micro-
RNA (miRNA) as biomarkers for diagnosis and
therapeutic monitoring of diseases such as cancer,

neurodegenerative disorders, heart disease and infection.
Currently, there are more than 2,000 known human
miRNA that have been found to influence gene regula-
tion of essential biological pathways such as cellular
development, proliferation, apoptosis and cellular signal-
ling (1,2). From its intracellular origin, miRNA can
be secreted extracellularly bound to lipoproteins (3) or
secreted in cell-derived extracellular vesicles such as
exosomes as a method of cell-to-cell communication
(4). miRNA have been implicated in many diseases and
have been shown to be taken up by distant cells as cargo

in exosomes to influence disease pathogenesis and pro-
gression. Together, the pathogenic nature of miRNAs
and their ability to be secreted extracellularly into bio-
logical fluids, where they remain relatively stable in exo-
somes, present miRNA as a promising biomarker.

Expression profiling of miRNA associated with disease
has been explored where the majority of researchers have
used peripheral blood (5,6) or cell-free serum or plasma
(7,8). Although these sources are rich in miRNA, it can be
difficult to differentiate disease-specific miRNA biomar-
kers from those expressed both in healthy and diseased
patients. Recently, the development of using exosomes as a
source of miRNA biomarkers has led to standardized
protocols for isolating and analysing exosomes from cell
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lines which can now be applied to biological fluids (9,10).
Exosomes can be isolated from peripheral blood using
modified differential ultracentrifugation (UC) and, more
recently, using exosomal isolation kits now available in the
market. Early investigations into miRNA involved detec-
tion by qRT-PCR and microarrays; however, these meth-
ods limit the researcher to analysing a selected array of
known miRNA using specific primers.

With the current advances in next-generation deep
sequencing (NGS), the entire spectrum of known and
novel miRNA can be profiled with minimal RNA input
(11,12). Thus, the analysis of exosomal miRNA from
biological samples such as blood is more feasible than
ever before. Furthermore, the cargo contained in exo-
somes may provide an enriched population of miRNA
free of endogenous RNA contaminants such as riboso-
mal RNA (rRNA). Therefore, these exosomes may house
a disease-specific miRNA signature (13), which could be
useful for diagnostic purposes. Using NGS, we set out to
profile whole blood collected in PAXgene tubes (intra-
cellular RNA), cell-free plasma and serum in comparison
to exosomes isolated by UC and by a commercial kit with
the aim to determine the optimal sample for miRNA
biomarker discovery.

Materials and methods

Study sample
Samples used for this study were obtained from 3 healthy
control patients comprising 2 males and 1 female. The
mean age of the participants was 28.69 2.08. Whole
blood (overnight fasting) was collected by venepuncture
into Sarstedt S-Monovette serum-gel 7.5 ml tubes
01.1602.001 (Sarstedt, Germany), Sarstedt S-Monovette
EDTA 7.5 ml tubes (Sarstedt, Germany) and PAXgene
Blood RNA Tubes (PreAnalytiX, Australia). Collection
into Sarstedt S-Monovette serum-gel 7.5 ml tubes for
serum was left at RT for 30 minutes for coagulation
before centrifugation at 1,800 g for 15 minutes. Collection
into Sarstedt S-Monovette EDTA 7.5 ml tubes for
plasma was maintained at 48C for 10� 15 minutes before
centrifugation at 3,000 g for 10 minutes. The resulting
plasma and serum was transferred into 1.5 ml Lo-bind
DNA tubes (Eppendorf) and snap frozen immediately.
Whole blood collected in PAXgene tubes were kept at RT
for 2 hours before transferring to � 208C and then
� 808C as per manufacturer’s instructions. Informed
consent was obtained from all participants and ethics
were approved by the appropriate committees.

Exosome isolation by UC
Serum and plasma were diluted 1:2 with cold PBS before
low-centrifugation at 500 g for 20 minutes to remove
cellular debris. The supernatant was further diluted 1:5

and transferred to polycarbonate Type 70.1 Ti Beckman
and Coulter tubes followed by UC at 11,000 g for 45
minutes to remove large membrane vesicles. The super-
natant was then transferred to new tubes and ultracen-
trifuged at 100,000 g for 90 minutes. The resulting
exosome pellet was resuspended in 250ml of cold PBS
for RNA extraction. Exosomes prepared for Western
blotting and transmission electron microscopy (TEM)
were resuspended in 150ml of cold PBS. Samples were
stored at � 808C until required. Exosomes isolated via
the ultracentrifuge are denoted as plasma UC and serum
UC throughout the manuscript.

Total RNA isolation
RNA extracted from PAXgene tubes were processed using
the PAXgene Blood miRNA Kit (Qiagen, Australia)
according to manufacturers’ protocol. RNA from cell-
free plasma and serum including exosome samples
isolated via the UC method were extracted using the
miRNeasy Mini Kit (Qiagen, Australia). The manufac-
turers’ protocol was followed with a slight modification of
the protocol involving the use of Trizol LS (Life Technol-
ogies, Australia) instead of QIAzol solution (Qiagen,
Australia). Briefly, the exosome pellet resuspended in
250ml of PBS was lysed with 750ml of Trizol LS and 200 ml
of chloroform. After centrifugation, the aqueous phase
was removed and the miRNeasy protocol was followed. In
addition, a plasma/serum exosomal RNA isolation kit
(Norgen Biotek (NG), Canada) was used to isolate
exosomes and extract total exosomal RNA according to
the manufacturers’ protocol. Exosomal RNA isolated via
NG Kit are denoted as plasma NG and serum NG
throughout the manuscript. RNaseA treatment (100 ng/
ml, Qiagen, Australia) where indicated involved incuba-
tion of samples at 378C for 10 minutes. The total RNA
yield (comprising of mostly small RNA), composition and
quality was analysed using the Agilent 2,100 Bioanalyser
for small RNA profiles with the Small RNA kit (Agilent,
Tokyo).

Western immunoblotting
Cell-free (1 ml) and isolated exosomes from plasma and
serum (1ml) were resuspended in 19ml lysis buffer (50.0 mM
Tris pH 7 .4, 150 mM sodium chloride, 1% TritonX-100,
1% sodium-deoxycholic acid and complete ULTRA pro-
tease inhibitors (Roche)) on ice for 15 minutes. Samples
were resuspended with 4� SDS loading buffer, heated
at 958C for 5 minutes and resolved on 4� 12% Bis-Tris
NUPAGE SDS-PAGE gels (Life Technologies, Mulgrave,
VIC, Australia) and transferred onto Immobilon-P
PVDF membrane (Millipore). Membranes were blocked
with 3% skimmed milk buffer in PBS-T followed by
incubation with primary antibodies to anti-Flotillin,
anti-Hsp70, anti-CD63, anti-transferrin and anti-PrP
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(109� 112). Immunoreactive bands were visualized using
enhanced Chemiluminescence kit (Amersham Biosciences,
Rydelmere, NSW, Australia), exposed to Hyperfilm
(Amersham) and developed by the Exomat automated
developing system.

Transmission electron microscopy
Isolated exosomes were fixed with 2% glutaraldehyde for
1 hour at room temperature and 6ml absorbed onto glow
discharged carbon-Formvar coated 200-mesh Cu grids
(ProSciTech, Kirwan, QLD, Australia) for 5 minutes.
Grids were washed twice with MilliQ water and stained
with 1.5% uranyl acetate. TEM was performed at� 15,000
to � 36,000 magnification on a Tecnai G2 F30 (FEI,
Eindhoven, NL) TEM operating at 300 kV. Electron
micrographs were captured with a Gatan UltraScan•

1,000 2 k� 2 k CCD camera (Gatan, Pleasanton, CA).

Size distribution analysis
Scanning ion occlusion sensing analysis was perfor-
med using the qNano system (Izon, Christchurch,
New Zealand). Plasma and serum samples were diluted
(1:4 in PBS) and passed through a 0.22mm filter (Sartorius
Australia, Dandenong South, Victoria, Australia). Sam-
ples were measured using an NP100A pore with an applied
pressure of 10 cm.H2O. The current was recorded for a
minimum of 60 s and 800 blockade events. Sample size
distributions were calibrated by Izon Control Suite 2.2
using beads of known size, diluted in PBS and measured at
identical settings.

Small RNA deep sequencing and bioinformatics
analysis
PAXgene, cell-free and exosomal RNAwas converted into
cDNA libraries using the Ion Total RNA-Seq Kit V2 (Life
Technologies, Australia) and prepared for deep sequencing
as described previously (12). Pooled libraries with unique
barcodes were loaded on 318 sequencing chips and run on
the Ion Torrent Personal Genome Machine (Life Technol-
ogies, Australia). The Torrent Suite 3.4.1 was used to
manage the Ion Torrent PGM to process raw signals and
perform base calling. The sequences are then assessed for
quality and primer-adapter sequences are trimmed by the
Torrent Suite software, followed by alignment to the
human reference genome (HG19). The trimmed and
aligned data was transferred to Partek Genomics Suite
and mapped to known miRNA using miRBase V.20 and
Ensembl Release 74. The number of reads for each miRNA
were normalized to reads per million (RPM) across all
samples. Samples containing less than 5 RPM were
removed. Partek Genomics suite and statistical package
was used to perform statistical analysis, hierarchical
clustering and to identify unique miRNA in each sample

type. Data have been uploaded to Vesiclepedia (http://
microvesicles.org/).

Results

Exosomal small RNA including miRNA are protected
against RNaseA treatment
To compare the profiles of miRNA found in different
blood components, whole blood, cell-free blood (serum
and plasma) and exosomes were collected and prepared
from 3 age-matched healthy individuals according to the
study design depicted in Fig. 1 for NGS. One PAXgene
tube was collected per individual to isolate intracellular
RNA and matched whole blood was separated for cell-
free plasma and serum. One aliquot remained cell-free
whereas the remaining was further processed for exosomal
isolation via differential UC or exosomal RNA isolation
by the Plasma/Serum exosomal RNA kit from NG. The
yield of small RNA obtained upon RNA extraction is
displayed in Table I. To investigate whether circulating
miRNAs are degraded or resistant to the presence of
RNase, blood cell pellets and cell-free blood were treated
with RNaseA (100 ng/ml) before RNA extraction or
exosomal isolation as indicated in Fig. 1. Whole blood
collected by PAXgene tubes resulted in high-quality RNA
isolations (RNA integrity number of 9, data not shown)
and a small RNA profile containing abundant peaks
indicative of cellular RNA containing miRNA, rRNA and
transfer RNA (tRNA) (Fig. 2). PAXgene tubes contain
additives that stabilize RNA upon collection thus, pre-
venting RNA degradation. As expected, RNaseA treat-
ment of the blood cell pellet resulted in the degradation of
RNA (Fig. 2). RNA isolated from cell-free plasma and
serum did not contain rRNA or tRNA but consisted of
RNA fragments up to 200 nt. The percentage of miRNA
in cell-free plasma and serum was 53.99 8.0% and
53.39 10.3%, respectively (Table I). In support of the
literature, circulating miRNA in cell-free plasma and
serum are not protected against the presence of RNAse
(Fig. 2) (14). The concentration of RNase in the
circulatory system has not been defined and it would be
difficult to determine the degree of RNA degradation
biologically. Deep sequencing would provide a better
insight into the identity of these small RNA fragments
(intact or degraded) through sequence alignment to the
human genome.

Exosomes were then isolated to determine whether
they provided a protective vesicle against degradation of
transport miRNA by RNase. Upon differential UC,
exosome pellets from both cell-free plasma and serum
were positive for exosomal markers, flotillin and CD-63
(Fig. 3A). Exosomes were also found to be enriched with
transferrin receptors which are largely responsible for
the import of iron into cells via endosomes. Endosomes,
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similar to exosomes, are multi-vesicular bodies that are
produced from the endosomal protein sorting system.
Furthermore, prion protein (PrP) was detected in plasma
and serum exosomes. PrP has been previously described

to be enriched in highly purified exosomes isolated by
sucrose gradients (15). As expected, the constitutively
expressed Hsp70 protein was detected in both cell-free
and exosome pellets. The morphology of vesicles isolated

Fig. 1. Work �ow of study design and sample processing. Whole blood from 3 different individuals was collected by venepuncture into
each tube using a Multi-�y and processed to analyse intracellular, cell-free and exosomal miRNA. Asterisks indicate the point of
RNaseA treatment (100 ng/ml, 378C for 10 minutes) to investigate RNA degradation in these samples. The work�ow outlines the
sample collection and preparation from 1 individual. The number of tubes collected from each volunteer was: 2� PAXgene 2.5 ml
tubes, 3� Sarstedt S-Monovette serum-gel 7.5 ml tubes and 3� Sarstedt S-Monovette EDTA 7.5 ml tubes. Upon centrifugation of
the Sarstedt S-Monovette EDTA tubes, approximately 10 ml of plasma was obtained across 3 Sarstedt S-Monovette tubes which are
then separately aliquoted into Lo-Bind DNA tubes (4� 1 ml, 2� 1.2 ml tubes) for RNA analysis and deep sequencing. The remaining
plasma was aliquoted for Western immunoblotting (WB, 1.2 ml), transmission electron microscopy (EM, 1.2 ml) and qNano (1 ml)
analysis. For the RNA work involving RNaseA treatment, samples were allocated for an untreated control and RNaseA treatment:
2� 1.2 ml for the ultracentrifugation exosomal RNA isolation (Plasma UC), 2� 1 ml for the Norgen Biotek exosomal RNA isolation
(Plasma NG), and 2� 1 ml aliquot was reserved for cell-free plasma RNA isolation. The collection process and sample allocation
are repeated for serum collection. Exosomes isolated from serum via the ultracentrifuge are denoted as Serum UC. Exosomal
RNA isolated by the Norgen Biotek Kit are denoted as Serum NG. As for the 2� PAXgene tubes, RNA is isolated from 2.5 ml of whole
blood per tube and isolated as recommended by the manufacturers protocol. One tube was treated with RNaseA and one was left
untreated.

Table I. Yield and percentage of miRNA extracted from intracellular, cell-free and exosomal samples prepared from plasma and serum

PAXgene

Plasma

cell-free

Serum

cell-free

Plasma UC

exosomes

Serum UC

exosomes

Plasma NG

exosomes

Serum NG

exosomes

[small RNA] ng 196.79 46.3 4.19 0.08 6.39 1.4 6.69 1.6 8.29 1.0 16.89 1 8.39 0.9

[miRNA] ng 50.99 61.4 2.29 0.5 3.49 1.0 4.79 2.1 5.09 1.6 4.99 1.8 3.79 0.7

% miRNA 30.49 40.4 53.99 8.0 53.39 10.3 67.99 17.0 60.99 17.4 29.29 11.3 44.89 4.5

Values are mean9 SD, n� 3. Small RNA and miRNA yield was determined by the Small RNA Bioanalyser assay. The concentration of
small RNA is measured between 6 and 200 nt and the concentration of miRNA is measured between 10 and 40 nt.
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by UC were found to be consistent with previous reports,
measuring 70� 110 nm in size as observed by electron
microscopy (Fig. 3B) and the qNano instrument (Fig.
3C). Upon RNA extraction, exosomes isolated from cell-
free plasma and serum using differential UC contained
small RNA of up to 80 nt in length which were protected
upon RNaseA treatment (Fig. 2). This suggests that
exosomes provide an RNase free vesicle for transport
within the RNase rich environment of the circulatory
system. Approximately 6� 9 ng of small RNA (60� 80%
miRNA) was obtained from exosomes isolated from 1.2
ml of plasma or serum (Table I).

We then evaluated the use of a commercial exosomal
RNA isolation kit to determine whether the RNA species
extracted were similar to those extracted from exosomes
isolated by UC. The plasma/serum exosome RNA
Isolation kit from NG is a centrifugation-independent
kit which enriches for exosomal RNA using a proprietary
column. RNA extracted from plasma using the plasma/
serum exosomal RNA kit by NG was found to contain
29.29 11.3% miRNA (Table I). Interestingly, a large
presence of tRNA was detected in plasma samples
isolated using this commercial kit (Fig. 2) which in-
creased the yield of small RNA extraction to 16.89 1.0

Fig. 2. Small RNA pro�les extracted from intracellular, cell-free and exosomal isolation from blood before and after RNaseA
treatment. RNA was extracted from samples and run on a Small RNA Bioanalyser assay. Experiments shown here are representative of
samples collected from 1 volunteer.
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ng (Table I). However, upon RNaseA treatment of the
plasma, circulating tRNA and potentially other RNA
species were degraded indicative that the kit isolates
non-exosomal contaminants in addition to the desired
exosomal material. It is possible that the tRNA is a cellular
contaminant due to haemolysis occurring during sample

collection (16). In comparison, tRNA was not observed
in exosomes isolated by UC or in cell-free plasma (Fig. 2)
hence, the UC protocol did not pellet non-exosomal
RNA or cellular RNA contaminants. This highlights the
importance of standardizing sample collection, centrifu-
gation of blood and handling for exosomal RNA work.

Fig. 4. Percentage and number of known miRNA species detected in intracellular, cell-free and exosomal samples by NGS. Raw reads
were aligned to the human genome (HG19) and mapped to miRBase V.20 and other small RNA from Ensembl Release 74 followed by
normalization of raw reads to RPM. The mean of reads per miRNA (n� 3) was calculated. A) Percentage of total reads mapped to
non-coding small RNA and other RNA species identi�ed by deep sequencing. B) Venn diagrams showing unique and common miRNA
detected in different components of blood. miRNA with read counts � 5 reads per million were shown for comparison. miRNA
identi�ed in this study was uploaded to http://www.microvesicles.org (17).

Fig. 3. Characterization of plasma and serum exosomes isolated by differential ultracentrifugation. (A) Western immunoblotting
of exosomal markers �otillin, CD-63, transferrin, PrP (109� 112) and Hsp70 in cell-free (CF) and exosomal (E) samples in plasma
and serum. (B) Plasma and serum exosomes were analysed under electron microscopy which displayed the same morphology.
Plasma exosomes are shown here. Insert is a larger magni�cation of the exosomal vesicles. Bar� 100 nm (C) Size distribution
of exosomes analysed by the qNano particle counter. Experiments shown here are representative of samples collected from
1 volunteer.
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The commercial kit performed better with serum samples
(Fig. 2) which isolated 8.39 0.9 ng of small RNA
(44.89 4.5% miRNA, Table I). There was no evidence
of non-exosomal or cellular RNA contaminants in the
NG serum exosomes, and the RNA profile resembled
those observed in serum exosomes isolated by UC (Fig. 2).

Exosomes are enriched with miRNA
Small RNA libraries of the samples described above were
constructed for small RNA-seq by NGS. The number of
miRNA identified in this study was 943 of 2,233 known
mature miRNA from miRBase V.20. Mapping to En-
sembl Release 74 was performed to identify other non-
coding RNA such as tRNA, rRNA, small nucleolar
RNA (snoRNA) and LincRNA. The average across all 3
samples was calculated to obtain a representative profile
of biological diversity between patients (standard devia-
tions of reads in Supplementary file). The PAXgene tube
isolated the highest yield of small RNA (Table I), 28% of
the small RNA reads were mapped to miRNA (Fig. 4).
The remaining reads mapped to other RNA species such

as coding mRNA. Size selection to remove the majority
of rRNA and tRNA was performed during library
construction hence, there is a low percentage of mapping
(B 1%) to rRNA and tRNA in cell-free and exosomal
samples. The high abundance of rRNA and tRNA in
blood cells can saturate downstream analysis of miRNA
thus ribosomal removal or additional size selection steps
are recommended before deep sequencing. As there is a
high abundance of rRNA in intracellular RNA, 22% of
reads from PAXgene tubes mapped to 5S RNA however,
18S and 28S was successfully removed. Cell-free plasma
and serum were found to contain the least amount of
reads mapping to miRNA (12� 14%). Overall, exosomes
isolated from serum contained the highest percentage of
miRNA (42 � 48%) compared to plasma (30%). Serum
exosomes isolated by the UC produced the greatest
percentage of miRNA (48%) followed closely by the
NG kit (42%). The biological enrichment of miRNA in
exosomes serves as an advantage when performing deep
sequencing as the removal of other RNA contaminants
by size selection is not required. An insignificant amount

Table II. Normalized reads of the top 25 miRNA detected in PAXgene intracellular samples compared to cell-free and exosomal
samples prepared from plasma and serum

Plasma Serum

miRNA PAXgene NG exosomes Cell-free UC exosomes NG exosomes Cell-free UC exosomes

hsa-miR-451a 124,894 19,012 27,779 141,194 109,409 33,598 42,650

hsa-miR-191-5p 25,960 11,712 9,011 12,422 7,711 4,376 2,861

hsa-miR-486-5p 23,982 2,118 4,461 10,788 12,477 11,102 4,838

hsa-miR-223-3p 20,034 42,972 30,254 16,438 40,852 14,803 12,628

hsa-miR-484 13,061 3,987 3,225 6,957 3,312 3,077 1,357

hsa-miR-16-5p 7,463 3,958 1,355 7,070 14,891 3,816 8,673

hsa-miR-126-3p 4,729 12,298 3,711 1,674 7,025 1,431 2,019

hsa-miR-425-5p 4,009 712 726 3,116 731 547 260

hsa-miR-26a-5p 3,103 6,764 533 730 2,598 736 804

hsa-miR-486-3p 2,821 432 714 1,013 1,599 1,393 419

hsa-miR-185-5p 2,771 2,215 1,413 1,222 2,273 1,841 996

hsa-miR-126-5p 2,665 6,506 859 412 4,271 900 1,006

hsa-miR-19b-3p 2,345 1,342 1,081 3,268 1,657 569 518

hsa-miR-103a-3p 1,938 2,207 986 695 1,294 506 419

hsa-miR-103b 1,938 2,207 986 695 1,294 506 419

hsa-miR-93-5p 1,922 1,172 514 936 1,754 831 558

hsa-miR-17-5p 1,585 1,635 960 650 3,472 949 972

hsa-miR-15b-5p 1,395 1,397 173 2,003 943 250 242

hsa-miR-30d-5p 1,350 125 249 957 226 113 72

hsa-miR-342-3p 1,264 810 929 799 1,714 965 640

hsa-miR-92a-3p 1,170 729 241 884 1,416 577 581

hsa-let-7g-5p 1,063 1,434 328 847 2,578 551 812

hsa-miR-320a 1,015 1,333 2,895 300 1,764 2,089 579

hsa-miR-150-5p 1,015 254 353 751 1,306 572 923

hsa-miR-18a-5p 925 1,850 280 164 1,592 399 194

Reads are normalized to reads per million. Standard deviation and other miRNA can be found in supplementary data.
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Fig. 5. (Continued)
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Fig. 5. Presence and absence of the highly abundant miRNAs identi�ed across intracellular blood, cell-free samples and exo-
somes samples. Raw reads were aligned to the human genome (HG19) and mapped to miRBase V.20 followed by normalization of raw
reads to RPM. The mean was calculated across 3 volunteer samples. miRNA with read counts� 5 reads per million were shown for
comparison. Hierarchical clustering was performed across samples and miRNA. Data has been uploaded to http://microvesicles.org/.
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of other non-coding small RNA were detected (B 1%)
however, serum exosomes isolated by UC were found to
contain 2.3% snoRNA. The most abundant snoRNA
found in the serum exosomes were SNORD100, SN
ORD27 and SNORD31 (Supplementary file). The func-
tions of these snoRNA species are largely unknown;
however, they have been detected in myeloma (18).

Upon removing low abundant miRNA with less than
5 normalized reads across all sample types, 488 miRNA
of the original 943 miRNA were used for further analysis.
Of these, the numbers of miRNA species found in
intracellular components of blood (PAXgene) compared
to samples isolated from plasma or serum are represented
in Fig. 4B. Plasma and serum NG exosomal samples
contained the highest number of miRNA species, 386 and
412, respectively. It is highly likely that the NG kit
isolates a small percentage of non-exosomal miRNA as
there is a large overlap of miRNA found in the PAXgene
tube and cell-free samples. Interestingly, the NG exoso-
mal RNA Kit isolated additional miRNA species com-
pared to the intracellular profile of miRNA isolated
by the PAXgene tube (383). For example, serum NG
exosomal RNA samples were found to have 412 miRNA
species including 40 different miRNA species not present

in PAXgene tubes, cell-free and UC exosome samples.
Similarly, the NG kit isolated an additional 15 different
miRNA in plasma. These differences could be due to the
binding capacity of the proprietary column depending on
the diversity and level of contaminants from haemolysis,
thus affecting the efficiency of the NG Kit. Although the
UC exosomal samples were found to contain the least
number of miRNA species (327), the number of reads per
miRNA were greater compared to cell-free samples for
most miRNA species (Table II and Fig. 4A).

The mean (n� 3) of normalized reads from the top 25
as ordered by PAXgene tubes in comparison to plasma
and serum samples can be seen in Table II. The reads of
the remaining miRNA can be found in Supplementary
file. Within the 25 most abundant miRNA, not surpris-
ingly, blood cells obtained the highest amount of reads
owing to the presence of WBCs which are the richest
source of RNA. A significant amount of reads was
observed for hsa-miR-451a which was also heavily
present in the other samples. Other highly abundant
miRNA found in all samples were hsa-miR-191-5p, hsa-
miR-486-5p, hsa-miR-223-3p and hsa-miR-484.

Upon unsupervised hierarchical clustering of deep
sequencing data, 2 major clusters across all samples

Table III. Predicted pathways targeted by miRNAs expressed in intracellular, cell-free and exosomal samples

Enrichment score P % of genes in pathway that are present

PAXgene intracellular miRNA

Wnt signalling pathway 17.7 1.96E-08 10.2

Focal adhesion 11.5 1.01E-05 7.8

Glioma 11.2 1.38E-05 10.0

Phosphatidylinositol signalling system 10.4 3.12E-05 10.3

Melanogenesis 10.4 3.15E-05 9.4

Cell-free miRNA

Neurotrophin signalling pathway 14.2 6.92E-07 7.2

Focal adhesion 11.5 1.01E-05 6.0

Oocyte meiosis 11.1 1.45E-05 7.3

Wnt signalling pathway 11.1 1.45E-05 6.8

Axon guidance 10.8 1.98E-05 6.6

Exosomal miRNA

Wnt signalling pathway 23.8 4.67E-11 15.9

GABAergic synapse 17.2 3.28E-08 17.0

Axon guidance 16.1 9.94E-08 13.7

Endocytosis 15.5 1.88E-07 12.3

Glutamatergic synapse 14.3 6.10E-07 14.1

PAXgene and exosomes

Wnt signalling pathway 24.1 3.54E-11 11.2

Melanogenesis 12.0 6.38E-06 9.6

Glioma 10.0 4.56E-05 9.4

TGF-beta signalling pathway 9.5 7.66E-05 8.9

Pathways in cancer 8.9 1.41E-04 6.2

miRNA targets were analysed by TargetScan 6.0 and pathway prediction was analysed using KEGG pathways.
The top 5 pathways affected are shown here.
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were identified (Fig. 5). Cluster 1 comprised serum NG
exosomes, PAXgene and plasma UC exosomes. The
PAXgene profile and plasma UC exosomes were found
to show more similarity compared to the serum NG
exosomes. Cluster 2 comprised plasma NG exosomal
RNA, cell-free plasma, serum UC exosomes and cell-
free serum. As observed in Fig. 4B, plasma NG exosomal
samples share more similarity to cell-free plasma. Serum
UC exosomes displayed the most similarity to cell-free
serum owing to the NG kit isolating 40 different miRNA
not present in other samples (Fig. 5). Figure 5 also
illustrates the presence and absence of all 488 abundant
miRNA detected across all sample types.

We next investigated the predicted function of the
uniquely expressed miRNA found in PAXgene tubes, cell-
free samples, exosomal samples, and those found both in
PAXgene and exosomes (Fig. 6). Using TargetScan 6.2,

the 30 miRNA uniquely found in PAXgene tubes were
found to target 4,469 gene targets (Figure 4B, Figure 6
and Supplementary file). These combined targets were
then subjected to pathway prediction software collected
by the Kyoto Encyclopedia of Genes and Genome (KEGG)
to predict the pathways in which these targeted genes
collectively regulate. The most targeted pathways found in
intracellular blood are Wnt, focal adhesion, glioma, phos-
phatidylinositol and melanogenesis signalling pathways
(Table III). The cell-free samples contained miRNA that
targets neuron development and survival such as axon
guidance and neurotrophin signalling pathways. Unique
miRNA packaged into exosomes targeted neuronal sig-
nalling through GABAergic, axon guidance, endocytosis
and glutamatergic synapse signalling pathways.miRNA
found in both intracellular blood and exosomes targeted
TGF signalling and pathways in cancer. The increased

Fig. 6. Schematic summary of unique miRNA detected in intracellular, cell-free and exosomal samples prepared from plasma and
serum.
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enrichment scores seen in exosomes compared to other
blood components support the role of exosomes in cell-to-
cell communication by targeting these neuronal signalling
pathways through specific packaging of miRNA.

Discussion
Diagnostic testing using human blood is considered to
be relatively non-invasive and a cost-effective method.
Circulating miRNAs in the blood has now offered a new
form of biomarker for disease diagnosis. The number of
miRNA associated with disease is expanding as a result
of new deep sequencing technologies. However, the ability
to report a reliable panel of biomarkers has seen chal-
lenges with regard to obtaining high sensitivity and
specificity upon validation. In addition, consensus has
not been reached with regard to sample collection (such
as plasma or serum), source of RNA from the sample
(for example cell-free or exosomes) and the method used
for isolation of exosomes (UC or commercial kits) for
analysing miRNA in blood. Reproducibility is also
problematic during validation studies largely due to
possible changes of miRNA expression in the blood-
stream that originate from multiple tissue and organs.
Here, we have performed a comprehensive study using a
workflow to carry out a complete comparison between
samples that are commonly used in miRNA studies.
Using this study design, we were also able to investigate
whether exosomes indeed contain a source of enriched
miRNA compared to non-exosomal samples. For com-
parison, we isolated RNA from blood samples that are
most commonly used in miRNA biomarker studies. This
included whole blood collected in PAXgene tubes, cell-
free plasma and serum, and exosomes isolated from
plasma and serum. Furthermore, we addressed the debate
concerning whether to continue the effort with the time
consuming UC isolations of exosomes or to use a time-
efficient commercial exosomal kit for biomarkers studies.
To obtain a comprehensive profile of all these samples,
we performed small RNA sequencing using NGS.

Initial studies involving miRNA analysed cellular
components of blood (red blood cells, white blood cells
and platelets) as they provide a rich source of RNA
(5,19). The highest yield of RNA is obtainable from
intracellular RNA (PAXgene tubes) which comprise a
large variety of coding and non-coding RNA species.
There is a possibility that disease related miRNA
biomarkers are diluted amongst other RNA species
leading to greater signal-to-noise ratio. Analysing miR-
NA profiles from intracellular fractions for disease
biomarkers may not be disease specific as mature RBCs
lack a nucleus and therefore DNA transcription or
RNA processing does not occur. The majority of RNA
extracted from blood is derived from WBCs which
encompasses 5 different cell types of the immune system.
The study of miRNA in WBCs would be suitable for

infectious diseases and immunity. Figure 6 schematically
summarizes the various miRNA that were uniquely
detected in the various samples analysed in this study.
Unique miRNA detected in the cellular fraction were
found to be involved in controlling cellular homeostasis
through targeting regulatory cell and receptor signalling
pathways (Table III).

The least amount of small RNA was obtained in cell-
free plasma and serum. The spectra of miRNA were
slightly different between cell-free plasma and serum
which may be due to possible cellular contamination
or the coagulation process of plasma and serum during
preparation. This highlights the requirement for standar-
dization of sample preparation for miRNA biomarker
studies. A recent study investigated the effect of various
plasma processing conditions on miRNA levels and
observed high levels of miRNA contamination from
platelets within plasma (20). Hence, recommendations
for plasma handling include platelet removal, monitoring
of RBC contamination or performing platelet counts.
Conceivably, those undertaking miRNA biomarker
studies would favour serum separator tubes to avoid
additional handling during sample preparation. The
increased number of detectable miRNA in plasma
compared to serum was also observed in another study
using Taqman qPCR panels (21). Despite this, there are
less reads on average per miRNA in plasma compared to
serum. The miRNA found uniquely in cell-free samples
were predicted to target neuronal signalling pathways
however, the percentage of genes targeted by miRNAs
is lower than those collectively found in exosomes
(Table III). Presumably, the presence of miRNA in cell-
free samples is diluted in the plasma volume. Hence,
larger volumes of cell-free plasma or serum would be
required to assay miRNA within a detectable range by
qRT-PCR.

Exosomes were found to be enriched in miRNA. The
top 10 most abundant miRNA found in exosomes were
hsa-miR-451a, hsa-miR-223-3p, hsa-miR-16-5p, hsa-
miR-191-5p, hsa-miR-486-5p, hsa-miR-126-3p, hsa-miR-
484, hsa-miR-126-5p, hsa-miR-26a-5p and hsa-let-7b-5p
which displayed more reads compared to most miRNA
detected in cell-free samples (Table II). Hsa-miR-451a
regulates erythroid development and is expressed
under homeostatic conditions (22,23), and hsa-miR-223
is expressed throughout granulocytic differentiation into
mature peripheral blood granulocytes (24). In addition,
miR-126 (25), miR-191 (26) and miR-26 (27) have been
implicated in the mouse brain through regulation of
various neuronal proteins such as brain derived neuro-
tropic factor and amyloid precursor protein. Exosomes
have recently been successfully isolated from brain tissue
(28) and potentially pass through the blood brain barrier
(29). The detection of these brain associated miRNA
further suggests that exosomes provide a method of
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communication between the brain and distant organs.
Furthermore, miR-16 and let-7b have been highly asso-
ciated with exosomes in a number of reports (10,30,31) and
have been used as endogenous controls (32). Interestingly,
pathway analysis indicated that the unique exosomal
miRNA (UC and NG) highly targeted neuronal signalling
pathways (Table III).

Although the use of miRNA biomarkers has been
widely applied to cancer diagnostics (33� 35), it has not
been thoroughly investigated in neurodegenerative dis-
eases. We have previously identified a panel of miRNAs
that are deregulated in prion diseases which is a neurode-
generative disorder affecting humans (10). The nervous
system is a rich source of miRNA expression and a number
of deregulated miRNA have been found to contribute
to other neurodegenerative disorders such as Alzheimer’s
disease, including hsa-miR-9, hsa-miR-20a and hsa-miR-
132 (36). In this study, we have profiled baseline miRNA
expression in blood obtained from 3 age matched healthy
volunteers. It would be attractive to profile exosomal
miRNA biomarkers and perform differential analysis of
miRNA expression between healthy control and a disease
condition such as neurodegenerative diseases.

Although there are increasing reports on the applica-
tion of miRNA as biomarkers for various disease, this
study highlights that the profile and concentration of
miRNA are different between the intracellular, cell-free
and exosomal components of blood. Furthermore, differ-
ences in profiles are also observed between plasma and
serum samples. Sample type should be deliberated before
profiling miRNA for biomarker discovery in blood
samples. Biological diversity between patients should
also be considered upon discovery studies investigating
miRNA biomarkers. Differential expression analysis
between healthy and disease samples across a large
cohort should ideally be performed on highly abundant
miRNA. This ensures success upon biomarker validation
across the population and large cohorts. Furthermore,
abundantly expressed miRNA will be within detectable
levels of molecular technology platforms used for valida-
tion such as qRT-PCR.
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