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ABSTRACT
Small non-coding RNAs (ncRNA), including microRNAs (miRNA), enclosed in exosomes are being utilised
for biomarker discovery in disease. Two common exosome isolation methods involve differential
ultracentrifugation or differential ultracentrifugation coupled with Optiprep gradient fractionation.
Generally, the incorporation of an Optiprep gradient provides better separation and increased purity of
exosomes. The question of whether increased purity of exosomes is required for small ncRNA profiling,
particularly in diagnostic and biomarker purposes, has not been addressed and highly debated. Utilizing
an established neuronal cell system, we used next-generation sequencing to comprehensively profile
ncRNA in cells and exosomes isolated by these 2 isolation methods. By comparing ncRNA content in
exosomes from these two methods, we found that exosomes from both isolation methods were enriched
with miRNAs and contained a diverse range of rRNA, small nuclear RNA, small nucleolar RNA and piwi-
interacting RNA as compared with their cellular counterparts. Additionally, tRNA fragments (30–55
nucleotides in length) were identified in exosomes and may act as potential modulators for repressing
protein translation. Overall, the outcome of this study confirms that ultracentrifugation-based method as a
feasible approach to identify ncRNA biomarkers in exosomes.

KEYWORDS
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Introduction

Small RNAs are non-coding RNAs (ncRNAs) that are approxi-
mately 18–250 nucleotides (nt) in length.1,2 which can finely con-
trol the expression of target genes that control diverse biologic
processes, such as proliferation, development, differentiation and
apoptosis3-6 The common ncRNA species include microRNA
(miRNA), piwi-interacting RNA (piRNA), rRNA (rRNA), tRNA
(tRNA), small nuclear RNA (snRNA) and small nucleolar RNA
(snoRNA).7

The role of small RNAs as potential modulators in diseases has
been increasingly recognized and there is now a significant interest
in using exosomes to identify small RNA biomarkers for diagnosis
of disease such as neurodegenerative diseases,8-10 cancer11-13 and
autoimmune disease.14,15 Small RNAs can be secreted in cell-
derived extracellular vesicles such as exosomes as a method of
intercellular communication.16 Both mRNA and miRNA species
have been found contained in exosomes which are taken up by spe-
cific target cells to facilitate disease spreading and pathogenesis.17

As such, exosomes can provide a means for transfer and protection

of RNA content from degradation in the environment, enabling a
stable source for reliable detection of RNA biomarkers.18,19

To study exosomes and their ncRNA content, there are vari-
ous methods available to isolate exosomes before performing
downstream analysis such as next-generation sequencing
(NGS).20-22 The most common method to isolate exosomes is
differential ultracentrifugation (UC), however this method may
also isolate microvesicles or other particles/debris of similar
sizes.23,24 Optiprep velocity gradient ultracentrifugation has
been shown to isolate a higher purity of exosomes as it can sep-
arate buoyant vesicles with similar physical properties.23,24 For
these reasons, Optiprep velocity gradient ultracentrifugation
has increasingly become a preferred choice for exosome isola-
tion when investigating the function and transfer of exosomal
material devoid of possible contamination of other extracellular
vesicles. Unfortunately, preparing gradients can be time con-
suming and may not be required for all areas of exosomal
research. It has been debated whether the additional step of
using Optiprep velocity gradients is required for biomarker
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discovery work and diagnostic testing, areas which efficiency
and reproducibility are the important factors.

Upon the isolation of exosomes, there are many methods to
profile RNA in exosomes, ranging from microarrays, or quanti-
tative reverse transcription polymerase chain reaction (qRT-
PCR) to NGS.25 Most of the existing tools (e.g. qRT-PCR and
microarray) offer high sensitivity and specificity in small RNA
research, however they are unable to accurately detect a wide
spectrum of ncRNAs. These methods typically require prior
knowledge of the sequence of interest to design primers.26 NGS
technology does not require any prior knowledge of ncRNAs
and thus it allows all ncRNA species to be sequenced in a high
throughput manner.27

In this study we used, mouse hypothalamic neuronal (GT1–
7) cells which have been widely used to study neuronal exo-
somes in neurodegenerative diseases, particularly prion dis-
ease.23,29,41 Using GT1–7 cells, we evaluate the two widely used
techniques for profiling small RNAs in exosomes; (i) differen-
tial UC and (ii) Optiprep velocity gradient ultracentrifugation.
We investigated if there are any differences in the small RNA
profiles of highly purified exosomes by using a high throughput
workflow, which we developed for rapid and accurate profiling
of small RNA.28 Using the high throughput workflow, small
RNAs, including miRNA, piRNA, rRNA, tRNA, snRNA,
snoRNA and protein-coding mRNA fragments, are compre-
hensively surveyed in neuronal exosomes prepared by the two
isolation methods. The findings present a high coverage
approach for determining the optimal exosomes isolation
method for small RNA profiling.

Material and methods

Cell culture

Mouse hypothalamic neuronal GT1–7 cell lines were cultured
in Opti-MEM (Life Technologies, Melbourne, VIC, Australia)
supplemented with 1 £ GlutaMax (Life Technologies), 10%
fetal calf serum (FCS) (Life Technologies) and 100 mg/ml peni-
cillin/streptomycin and maintained at 37�C in 5% CO2.

Exosome isolation

GT1–7 cells (»1 £ 107 cells or 3 £ T175 flasks) were cultured
in exosome-depleted medium (complete medium containing
exosome-free FCS) for 4 d. Exosomes were isolated using two
exosome isolation methods (Fig. 1A and B ). Protocol 1: Exo-
somes were isolated using the differential UC protocol as
described previously.29 Briefly, cultured supernatants were col-
lected and centrifuged at 3,000 g for 10 min to remove cell
debris. The supernatant was filtered (0.22 mm), and filtrate was
centrifuged at 10,000 g for 30 min at 4�C. The supernatant was
collected and exosomes were pelleted by centrifugation at
100,000 g(av). Exosome pellets were washed in filtered phos-
phate-buffered saline (PBS) and re-centrifuged at 100,000 g
(av). The final exosome pellet was re-suspended in 100 mL fil-
tered PBS; 50 mL was used for exosome characterization and
remaining 50 mL was used for small RNA extraction. Protocol
2: Exosomes were isolated using Optiprep velocity gradient
centrifugation protocol as described previously.23 The steps

were similar to the above described differential UC method in
protocol 1 except that the initial 100,000 g pellet was re-sus-
pended in 500 ml NTE buffer (137 mM NaCl, 1 mM EDTA,
and 10 mM Tris, pH 7.4). Exosome suspension was layered on
a 10-mL continuous 10–30% Optiprep gradient made up in
NTE buffer and centrifuged at 250,000 g, 1.5 h, 4�C. From top
of the gradient, 17 fractions (600 mL) were collected; 300 mL
was used for exosome characterization and remaining 300 mL
was used for small RNA extraction.

Size distribution analysis

Tunable resistive pulse sensing analysis was performed using
the qNano system (Izon, Christchurch, New Zealand); by
applying a voltage and pressure, single particles are passed
through a stretched polyurethane nanopore. As the particle tra-
verses the pore, ions are occluded resulting in a drop in the
measured current, termed a ‘blockade event’. Exosome samples
and calibration particles of known size were analyzed in PBS
on a NP-150 nanopore. Each sample was measured with
applied pressures of 8 and 12 cmH2O, for multi-pressure cali-
bration, where measurement consisted of a minimum of 500
blockade events.

Transmission electron microscopy

Exosomes were fixed with 2% glutaraldehyde/PBS for 30min at
room temperature. A volume of 6ml was applied to a glow-dis-
charged 200-mesh Cu grid coated with carbon-Formvar film
(ProSciTech, Kirwan, QLD, Australia) and allowed to absorb
for 5min. Grids were washed twice with Milli-Q water and
contrasted with 1.5% uranyl acetate. Transmission electron
microscopy (TEM) was performed on a Tecnai G2 F30 (FEI,
Eindhoven, NL) TEM operating at 300 kV across £ 15,000 to
£ 36,000 magnification. Electron micrographs were captured
with a Gatan UltraScan� 1000 2 k £ 2 k CCD camera (Gatan,
Pleasanton, CA).

Western immunoblotting

Cell lysates and exosome samples were lysed in sodium dodecyl
sulfate (SDS) sample buffer (2% (w/v) SDS, 10% (v/v) glycerol,
12.5mM ethylenediaminetetraacetic acid, 2 mg Bromophenol
blue, 50mM Tris pH 6.8) with 5% ß-mercaptoethanol and
heated at 95�C. The lysed samples were subjected to electro-
phoresis using precast Novex 4–12% Bis-Tris NuPAGE gels
(Invitrogen). Proteins were electrotransferred onto polyvinyli-
dene difluoride (PVDF) membranes using the Criteron Trans-
fer system (Bio Rad, Hercules, CA, USA). The PVDF
membranes were blocked with 5% (w/v) skim milk powder in
PBS containing 0.05% Tween-20 (PBS-T) at room temperature.
Membranes were probed with the following antibodies and
working dilutions: anti-tsg101 (Santa Cruz Biotechnology, CA,
USA) at 1:3000, anti-Bcl2 (BD Biosciences, Sydney, NSW, Aus-
tralia) at 1:1000, anti-flotillin-1 (BD Biosciences, Sydney, NSW,
Australia) at 1:3000, anti-SAF-32 (Prion protein) at 1:5000
(Sapphire Biosciences, Redfern, NSW, Australia) anti-mouse
HRP (GE Healthcare, Sydney, NSW, Australia) at 1:25,000 and
anti-goat HRP (Sigma-Aldrich, Sydney, NSW, Australia) at
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Figure 1. Workflow outlining the exosomal small RNA sequencing experiment and data analysis. (A) Exosomes released from GT1–7 neuronal cells found in the condi-
tioned media were isolated using 2 different centrifugation-based protocols. Protocol 1 involves the use of differential UC and Protocol 2 involves isolating exosomes
using differential UC over a continuous 10–30% Optiprep gradient. Upon exosome isolation small RNA was extracted from both cells and exosomes using TRIzol-LS fol-
lowed by clean up using the column-based miRNeasy kit. The quality and quantity of the small RNA were checked by Agilent 2100 Bioanalyser. Libraries were constructed
and subjected to small RNA transcriptome sequencing using Ion Torrent Personal Genome Machine. The initial bioinformatics analysis of pre-processing, quality assess-
ment and sequence mapping (i.e. TMAP) were performed in Ion Torrent Suite. The generated high quality and aligned data was subjected to an in-house developed small
RNA analysis pipeline that integrates BEDtools and edgeR for small RNA profiling. The pipeline automatically generates output of raw counts, normalized counts and vizu-
alization graphics including, but not limited to, hierarchical clustering heatmap and multidimensional scaling. (B) Flowchart describing the steps of the 2 protocols used to
isolate exosomes from the conditioned medium; (i) differential UC and (ii) Optiprep velocity gradient ultracentrifugation.
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1:100,000. Immunoreactive bands were detected using the
enhanced Chemiluminescence kit (Amersham Biosciences,
Rydelmere, NSW, Australia) followed by exposed to Hyperfilm
(Amersham) and developed by Exomat automated developing
system.

Small RNA Extraction

The total RNA including miRNA from exosome suspensions
was extracted using a column-based miRNeasy kit (Qiagen,
Chadstone, VIC, Australia) with the following modifications to
the manufacturer’s instructions. TRIzol-LS (Life Technologies),
instead of QIAzol, was added to the exosome suspensions and
subsequently vortexed. After incubation, chloroform was added
to the homogenate and the manufacturer’s protocol of the miR-
Neasy kit was resumed to isolate RNA sized between 18nt and
above. The quantity and quality of the small RNA extractions
were determined using a BioSpec-nano (Shimadzu, Rowville,
VIC, Australia) and Agilent Bioanalyser 2100 with a small
RNA assay Chip for cell-free exosomal small RNA, and a RNA
Nano 6000 assay Chip for cellular RNA (Agilent Technologies,
Mulgrave, VIC, Australia).

Small RNA library construction and Ion Torrent sequencing

Small RNA library preparation was performed using the Ion
Total RNA-Seq kit v2 (Life Technologies) for both exosome
samples and GT1–7 neuronal cell samples: a total of 26 libraries
including replicates (see Results for details). For each individual
library, RNA was ligated to adapters containing a unique index
barcode (Ion XpressTM RNA-Seq Barcode 1–16 Kit, Life Tech-
nologies) to allow libraries to be pooled during Ion Torrent
sequencing (Life Technologies). All libraries were constructed
according to manufacturer’s protocol. Briefly, RNA samples
were reverse transcribed to cDNA using adaptor specific pri-
mers. Using the Magnetic Bead Purification Module (Life Tech-
nologies), cDNA samples were size-selected from 94 to 200 nt
(the length of the small RNA insert including the 30 and 50
adaptors). PCR amplification was then performed followed by
a library clean-up step using nucleic acid beads (Life Technolo-
gies). The quality and quantity of each library were determined
by Agilent 2100 Bioanalyser using High Sensitivity DNA kit
(Agilent Technologies). Equally pooled libraries were clonally
amplified onto Ion SphereTM Particles (ISPs) supplied by the
Ion PGMTM Template OT2 200 kit (Life Technologies). ISP
templates were produced by using the OneTouchTM 2 Instru-
ment and enrichment system (Life Technologies). ISPs loaded
with libraries were sequenced on the Ion Torrent PGMTM using
IonTM 318 v2 chips (Life Technologies) and the Ion PGMTM

200 Sequencing Kit v2 (Life Technologies).

Small RNA sequence data analysis

Raw reads generated by sequencing were subjected to pre-proc-
essing, quality assessment and mapping using the default
parameters provided in the Ion Torrent Suite (version 4).
Briefly, the Ion Torrent Suite filtered for high quality reads by
removal of adaptor sequences, low quality bases at 30 ends of
reads, adaptor dimers, reads lacking sequencing key, reads with

low signal and polyclonal reads. The high quality reads were
mapped to mm10 build of the mouse genome from University
of California Santa Cruz (UCSC) genome databases using Tor-
rent Mapping Alignment Program (TMAP) with their default
parameters.

Aligned reads were classified according to genomic loci
annotations using BEDtools. For instance, miRNA reads were
identified by intersecting the genomic coordinates of aligned
reads with those of known miRNA from miRBase release 20.30

Subsequently, additional intersection to the other non-coding
small RNAs was also performed in respect to their specific
databases, including Genomic tRNA database31 for tRNAs,
piRNA Bank32 for piRNAs and Ensembl for other classes of
small RNAs (i.e. snoRNA, snRNA and rRNA). Reads that were
not identified as known small RNAs were intersected with
repeat elements and protein-coding mRNA retrieved from
UCSC database. These intersection results were converted to
read-count tables containing raw counts of each RNA biotype,
which were analyzed and visualised using R-packages such as
‘edgeR’33 and ‘pheatmap’.34 This analysis workflow (Fig. 1A)
was integrated into a pipeline developed in-house with
python,28 and the full details of the pipeline are described in
Supplementary Methods. Calculation of percentage of reads by
biotype was based on raw read counts of perfectly intersected
and matched transcripts for each biotype compared with the
total reads for each library. Sequences were deposited into
European Nucleotide Archive35 under accession number
PRJEB9472.

Small RNA data output vizualization

Circos36 was used to visualize the distribution of small RNAs
from different data sets across chromosomes. Cytogenetic
bands and chromosome labels were included to highlight the
genomic location of small RNAs. In addition, the relationship
of the replicates among the data sets was further analyzed using
principle component analysis (PCA) and multidimensional
scaling (MDS) in R.33,34 The ‘tune.pca’ function34 was initially
performed to visualize the proportion of explained variance for
selecting the final principal components.37,38 The several inter-
correlated variables across the replicates were represented in a
3-dimentional (3D) plot. Further, proportional 2-set Venn and
5-set Venn diagrams were performed to identify unique and
common RNA biotypes using the respective ‘Venneuler’39 and
‘gplots’40 in R. The elements in each data set were compared
with determine the intersection and union regions.

miRNA qRT-PCR and digital PCR assays

Individual qRT-PCR and digital PCR TaqMan� miRNA assays
(Applied Biosystems) for let-7b (TaqMan� Assay ID 000378)
and miR-342–3p (TaqMan� Assay ID 002260) were performed
according to the manufacturer’s instructions. The same amount
of total RNA isolated from cells and exosomes was converted to
cDNA using the miRNA reverse transcriptase Kit (Applied Bio-
systems) and specific miRNA assay RT primers. For qRT-PCR,
cDNA was diluted 1:3 and setup in quadruplicate reactions in
96-well plates containing specific TaqMan� miRNA assays,
and Fast TaqMan� Fast Advanced Master Mix in a final
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volume of 20 ml using the QIAGILITY liquid handing robot
(QIAGEN). The qRT-PCR assay was run on a ViiA7 qRT-PCR
instrument (Applied Biosystems) using the manufacturer’s rec-
ommended cycling conditions. Data were plotted as raw cycle
threshold (Ct) values. For digital PCR, cDNA was diluted 1:10
and set-up in duplicate reactions containing the specific
TaqMan� miRNA assay and digital PCR master mix which
was subsequently loaded and sealed into a QuantStudioTM 3D
Digital PCR 20K Chip using QuantStudioTM 3D Digital PCR
Chip Loader (Applied Biosystems), according to the manufac-
turer’s instructions. The prepared digital PCR 20K Chips were
loaded into the GeneAmp� PCR System 9700 (Applied Biosys-
tems) and initiated the reaction using the manufacturer’s rec-
ommended cycling conditions. The digital PCR 20K chips were
then analyzed on the QuantStudioTM 3D PCR Instrument
(Applied Biosystems) and were processed using QuantStudio�

3D AnalysisSuiteTM for absolute quantification of miRNA tar-
gets in copies per ml.

Statistical analysis

Comparison of small RNA expression across different data sets was
analyzed using Spearman’s correlation between small RNA data
sets in R. Other general statistics includingmedian andmean§ SD
were done using GraphPad Prism v5 (GraphPad Software).

Results

Characterization of neuronal cell-derived exosomes

Exosomes were isolated from GT1–7 cells using UC and
Optiprep velocity gradient ultracentrifugation (Fig. 1A and B).

The presence of exosomes was determined by Western blot-
ting with a panel of antibodies for endosomal, plasma mem-
brane, nuclear, Golgi and mitochondrial markers (Fig. 2A).
Exosomes were enriched in tsg-101 and flotillin-1 while no
detectable GM130, nucleoporin or Bcl¡2 was present. This
observation indicates that exosome preparations were
enriched in proteins of endosomal origin and that no con-
taminating nuclear, Golgi, mitochondrial and apoptotic
membranes were present. Exosomes isolated by the Optiprep
method were further probed with prion protein (PrP) and
tsg-101 to indicate the presence of respective prion and exo-
somes after gradient separation (Fig. 2B).23 Western blotting
of Optiprep gradient fractions highlighted that fraction 8
and 9 were enriched with exosomes. Results from electron
microscopy (Fig. 2C) and qNano (Fig. 2D and E) demon-
strated that exosomes isolated from GT1–7 cells were com-
posed of extracellular vesicles of »100 nm in size. The
morphology and size of vesicles were consistent with our
previous studies using differential UC with or without Opti-
prep density gradients.8,23

Exosomes released from mouse GT1–7 hypothalamic
neuronal cells contain RNA

RNA was extracted from neuronal cell-derived exosomes pre-
pared by the 2 isolation methods (Fig. 1B) and the correspond-
ing GT1–7 cells as a control. The quality and quantity of the
isolated RNA were determined using an Agilent Bioanalyser,
which showed an electropherogram of enriched RNA in Opti-
prep fractions 7–11 (Fig. S1A). The amounts of small RNA,
including miRNA, peaked at fraction 8 (rangemiRNA D 2.14–
2.66 ng/ml, medianmiRNA D 2.49 ng/ml; rangesmallRNAD 20.5–

Figure 2. Characterization of exosomes and exosomal RNA content. (A) Western blot of GT1–7 cell lysates and exosomes isolated by differential UC was confirmed by
enrichment of exosomes markers tsg-101 and flotillin-1, and absence of bands for negative markers Bcl2 (apoptotic bodies), GM-130 (Golgi apparatus), nucleoporin
(nucleus). Abbreviations: kDa (kiloDalton); (C)(GT1–7 neuronal cells); (E)(exosomes). ‘�’ denotes non-specific band for anti-nucleoporin. (B) Isolation of exosomes using
Optiprep velocity gradient ultracentrifugation show the co-fractionation of exosomes whereby fractions (n D 17) were probed for the prion protein and exosome marker
tsg-101. (C) Transmission electron microscope image of typical exosomes in fraction 8 isolated by Optiprep gradient. Size distribution histogram of exosomes normalized
to exosome count analyzed by the qNano instrument; (D) Isolated by differential UC, (E) exosomes present in Optiprep fractions 7, 8, 9 and 10.
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28.5 ng/ml, mediansmallRNAD 27.2 ng/ml) and small RNA
amounts (Fig. S1B) correlate with enriched exosomes as
observed via Western blotting (Fig. 2B). Small RNA Bioana-
lyser profiles for exosomes isolated from either isolation
method indicated that UC and fractions 8 and 9 contained
high yield of RNA and a broad range of small RNA sizes
between 4 and 100 nt in length, with an enriched peak at
»60 nt (Fig. S1C). Optiprep fractions 7 and 10, contained lower
amounts of small RNAs, with the remaining fractions con-
tained little or no small RNA.

Small RNA sequencing reads

To further investigate the presence of small RNA species,
the Ion Torrent sequencing platform was used to perform
unbiased deep sequencing of each sample. Based on the
small RNA Bioanalyser profiles, Optiprep fractions 7, 8, 9
and 10 were selected for sequencing. Small RNA libraries
were subsequently prepared for 6 data sets, with 5 replicates
for Optiprep fractions 7–10 and 3 replicates for UC

exosome and GT1–7 cell. The same amount of RNA
(20 ng) across all samples was used for small RNA library
construction. Read length distribution after adaptor removal
revealed 3 major peaks at 18–22, 30 and 55 nt (Fig. 3). The
peak at 18–22 nt indicates an abundance of mature miR-
NAs in exosomes and cells. After sequence alignment, an
average of 1 £ 106 sequencing reads was obtained (Supple-
mentary Table S1).

Identification of different RNA biotypes via small RNA
profiling pipeline

Small RNA species were identified using in-house small RNA
analysis pipeline28 that integrates BEDtools and edgeR as out-
lined in Supplementary Methods. The analyzed data sets con-
tained a wide array of small RNAs across all the chromosomes
(Fig. 4A). The composition of small RNA libraries (Fig. 4B)
revealed that Optiprep and differential UC exosomes are com-
prised of miRNA (median 1.29%, range 0.48–2.11%), piRNA
(median 1.09%, range 0.46–1.71%), snRNA (median 0.17%,

Figure 3. Read length of small RNA sequencing. Read length (nucleotide) distribution after adaptor removal. Each y-axis depicts the number of sequencing reads of all
samples comprising of 5 replicates in each of the respective fraction, 3 replicates of exosomes isolated from ultracentrifugation method, and 3 replicates of GT1–7 neuro-
nal cells. Standard deviations are shown in the bar graph.
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range 0.11–0.23.%), snoRNA (median 0.07%, range 0.04–
0.10%) and fragments of tRNA (median 54.3%, range 41.6–
67.0%), rRNA (median 0.54%, range 0.20–0.88%) and protein-
coding mRNA (range 0.49–1.82%) (Table 1 and Supplementary
Table S2). The remaining»42.26% sequences contained mostly
fragments of RNA repeat elements. The collated results from
the identified ncRNA species displayed that exosomes isolated

from both methods consist of a diverse range of small RNA
sequences.

Comparison of small RNA profiles in exosomes

The relationship of small ncRNAs was explored among samples
to survey for any clustering of data sets. Three clusters were

Figure 4. Small RNA sequencing of GT1–7 neuronal cells and GT1–7-derived exosomes isolated by 2 different protocols. (A) Circos diagram depicting small RNA transcrip-
tome data. Track A: cytogenetic bands, chromosomes are depicted qter to pter. Track B to G: Highlight of all small RNAs (miRNA, rRNA, tRNA, piRNA, snRNA and snoRNA)
identified across different sample groups in respect to GT1–7 neuronal cell, exosomes isolated from differential UC (protocol 1) and Optiprep fractions (i.e. Fraction 7 to
10) using Optiprep velocity gradient ultracentrifugation (protocol 2). (B) Distribution of small RNA species in the analyzed data sets. Profiles of different biotypes in each
data set are percentage proportion to the total reads mapped to small RNA species and other elements, in particular to tRNA, rRNA, snoRNA, snRNA, piwi-RNA, miRNA,
protein-coding fragments and others (i.e. repeat elements). Abbreviations: ‘miRNA’ – microRNA; ‘rRNA’ – rRNA; ‘tRNA’ – tRNA; ‘piRNA’ – piwi-interacting RNA; ‘snRNA’ –
small nuclear RNA; ‘snoRNA’ – small nucleolar RNA; ‘UCexo’ – exosomes from differential UC.
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Table 1. Total number of sequencing reads and percentage of each RNA biotype reads.

Optiprep velocity gradient ultracentrifugation (n D 5) Differential
ultracentrifugation (n D 3) Neuronal cell (n D 3)

Fraction 7 Fraction 8 Fraction 9 Fraction 10 UCexo GT1–7 cell

miRNA 1957 (1.03%) 5973 (1.01%) 2642 (0.99%) 1697 (1.03%) 4225 (0.62%) 6555 (1.12%)
piRNA 1822 (0.86%) 4255 (0.66%) 1884 (0.70%) 1365 (0.77%) 8500 (1.20%) 17513 (3.01%)
snRNA 402 (0.19%) 926 (0.13%) 395 (0.15%) 326 (0.17%) 1250 (0.17%) 30286 (5.16%)
snoRNA 244 (0.15%) 417 (0.05%) 211 (0.08%) 281 (0.19%) 327 (0.05%) 14268 (2.46%)
Protein-coding 3872 (1.66%) 7626 (0.98%) 3455 (1.22%) 3476 (2.23%) 7159 (0.99%) 5145 (0.87%)
rRNA 867 (0.51%) 2660 (0.40%) 1123 (0.41%) 757 (0.50%) 4166 (0.58%) 3136 (0.54%)
tRNA 112571 (42.01%) 455318 (59.66%) 141374 (52.68%) 84680 (35.86%) 366833 (50.27%) 9327 (1.60%)

Figure 5. The relationship of small RNA expression profiles among the samples. (A) Multidimensional scaling plot demonstrating the clustering of replicates in each data
set, with the vertical axis corresponding to the logarithm base 2 (log2) fold change (FC) in dimensional (dim) 2 and the horizontal axis showing log2FC dim 1. (B) Three-
dimensional principal component analysis further depicting the clustering of sample replicates among the data sets. The x-, y- and z- axis represents first, second and third
principal component of small RNA data. (C) Distance mapping of small RNA expression using Euclidean distance metric of Optiprep fractions, UC exosomes (UCexo) sam-
ples and GT1–7 neuronal cells. Exosomes Optiprep fractions (i.e. Fraction 8 and 9) and UCexo are closely related to each other but distantly related to GT1–7 neuronal
cells. Exosomes Optiprep fraction 7 (excluding replicate 5 from fraction 7) and 10 are closely related to each other as compared with exosomes samples, but distantly
related to GT1–7 neuronal cells. The correlation value is represented by the color ranging from blue (0 to 0.4) to yellow (0.41 to 0.79) to red (0.8 to 1). (D) Heatmap of
unsupervised hierarchical clustering of normalized small RNA expression. The degree of low to high expression is represented by a range of color starting from blue to yel-
low to red, indicating the absence or presence of RNA. Abbreviation: ‘UCexo’ – exosomes isolated from differential UC.
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observed in the MDS and PCA plot with dominant clusters as
cells, exosomes and other Optiprep fractions (Fig. 5A and B).
In addition to the MDS and PCA plots, the correlation between
the replicates of each data set were explored. The distance map-
ping by Euclidean distance metric (Fig. 5C) demonstrated that
replicates were highly correlated; Spearman’s correlation coeffi-
cients ranging from 0.8 to 0.9 for each data set (Fig. S2), in
which exosomes from Optiprep and differential UC were
closely associated (r D 0.94). The unsupervised hierarchical
clustering analysis (Fig. 5D) on log2-normalized reads also
illustrated the distinct profile of small RNAs in exosomes. The
individual profiles of small RNAs are shown in Fig. S3. The
expression profile analysis provided an initial verification that
both methods were capable of isolating exosomes with similar
small RNA profiles.

To investigate in greater detail the small RNA profiles in exo-
somes isolated from the two different methods, small RNAs that
were unique or common to the different preparation protocols
were examined. Across all the different small RNA species in Opti-
prep fractions, 263 small RNAs overlapped between the four frac-
tions and UC exosomes, with 41 small RNAs that were unique in
the UC exosomes (Fig. 6A). By comparing the RNA biotypes iden-
tified in Optiprep and UC exosomes with cells, 243 RNAs were in
common, indicating that exosomes contained a unique subset of
RNA from that of cells (Fig. 6B and C). A high proportion of other
small RNAs were common between the small RNA profiles of exo-
somes isolated from the twomethods (Fig. 6D).

To assess the small RNA profiles in the exosomes, the top
small RNAs across the samples were tabulated in a matrix table
(Fig. S4). The majority of miRNAs in exosomes was composed

Figure 6. Venn diagrams showing unique and common small RNA detected in different exosome methods and GT1–7 neuronal cells. (A) The 5-way Venn diagram illus-
trates the differences and similarities of small RNAs identified in exosomes isolated from differential UC method (protocol 1) and Optiprep velocity gradient ultracentrifu-
gation (protocol 2). (B) The 5-way Venn diagram demonstrates the overlapping of small RNAs across all fractions with enriched small RNA in Fraction 8 and 9. (C) The 4-
way Venn diagram displays the unique small RNA in exosome data sets when compared with GT1–7 neuronal cells. (D) The proportional Venn diagram demonstrates the
similarities of small RNA extracted from both protocols. Please see list of small RNAs across Venn diagrams in Supplementary File 1.
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of let-7 gene family. Another miRNA of interest was miR-342-
3p due to its presence in various diseased states.8 To validate
the NGS data we used targeted primer based technologies,
qRT-PCR (Fig. 7A and B ) and digital PCR (Fig. 7C and D ), to
confirm the presence of let-7b and miR-342–3p expression.
Both primer based technologies displayed Ct values indicating
a peak in abundance of let-7b and miR-342–3p with purified
exosomes in Optiprep fraction 8, with similar expression
observed for UC exosomes, confirming the observations seen
in the NGS data. The small proportion of rRNA detected in
exosomes composed of mostly 5S rRNA sequences of different
variety, which was consistent with our published report.8 Fur-
ther, other small RNAs such as piRNA, snoRNA and snRNA
were expressed in neuronal cell-derived exosomes, particularly
the exosomes prepared by Optiprep, but little is known about
their functional roles of piRNA in exosomes.

Specific tRNA fragments are identified in exosomes

Recently, studies have reported that the production of tRNA
fragments were composed of tRNA halves (30–35 nt) and
tRNA-derived fragments (13 and 20 nt in size).43 These
tRNA fragments were observed in our present study. In
Fig. 8A, a large proportion of reads were observed to map
to tRNA regions in exosomal samples which mostly com-
prised of tRNA fragments. The percentage composition of
tRNA fragments (Fig. 8B and Fig. S5) showed that tRNA-
Gly, tRNA-Lys and tRNA-Val isoacceptor type were abun-
dant in exosome samples and the majority of these tRNA
fragments range between 50–53 nt in length (Fig. 8C and D
), except for tRNA-Lys where fragment lengths varied
(Fig. 8E). Specific tRNAs appeared to be selectively loaded
into exosomes as fragments.

Figure 7. Validation of miRNA expression by qRT-PCR and digital PCR assays. qRT-PCR miRNA expression assays of GT1–7 cells and exosomes from differential UC (UCexo)
and Optiprep fractions 7, 8, 9 and 10 for (A) let-7b and (B) miR-342-3p, data expressed as raw Ct values, nD 3. Digital PCR of miRNA in GT1–7 cells and exosomes from dif-
ferential UC (UCexo) and Optiprep fractions 7, 8, 9 and 10 for let-7b (C) and miR-342-3p (D), data expressed as copies per mL, n D 3. Standard deviations are shown in the
graph.
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Discussion

There has been a particular interest in determining the most
appropriate method for purifying exosomes to profile small
RNA.8,12,44 Studies have demonstrated that exosomes provide a
protective and enriched source of small RNA for disease bio-
marker detection in biologic specimens.19,45-48 The method to
isolate exosomes is often selected based on the ability to mini-
mise co-purifying protein aggregates and other extracellular
particles. The minimisation of such contaminating elements
may provide the opportunity to perform further downstream
analyses, such as structural biology, proteomics, lipidomics and
genomics. In this study, we investigated the need for a more
defined method for small RNA profiling.

Here, we have applied the two common protocols that were
previously published for isolating GT1–7 neuronal cell-derived
exosomes.8,23,29 Differential UC (protocol 1) is the most con-
ventionally used technique to isolate exosomes from GT1–7
cells and other cell lines. However, UC technique is limiting in
the ability to minimise contaminating proteins and other mem-
branous particles. More specific separation methods,

particularly over a gradient is necessary for studies requiring
increased purity of exosomes. Optiprep velocity gradients (pro-
tocol 2) were previously demonstrated by Coleman et al. to fur-
ther purify exosome preparations devoid of contaminating
elements that may hinder downstream analysis as observed by
high-resolution microscopy. To perform a comprehensive sur-
vey of small RNA species in exosomes isolated from each
method, a high-throughput workflow that comprised of NGS
and bioinformatics was used. Sequence reads were mapped to
loci of a wide variety of small ncRNA species, such as miRNA,
piRNA, tRNA rRNA, snoRNA and snRNA. The expression
analysis of exosomes prepared by both methods suggested that
the small RNA profiles of exosomes were similar to each other
and distinct from the GT1–7 neuronal cells. The overall RNA
composition in exosomes further confirmed our previous study
investigating small RNA profiles in circulating exosomes
released from prion-infected GT1–7 neuronal cells.8

As miRNAs are sorted into exosomes and secreted into the
bloodstream there is an interest in profiling for miRNA disease
associated signatures in exosomes.19,22,44 Disease signatures
have comprised of miRNAs such as miR-29b, miR-342–3p,

Figure 8. Exosomes contain tRNAs. (A) Histogram of transferRNA (tRNA) fragment lengths in nucleotides for tRNA-Gly, tRNA-Lys and tRNA-Val in all data sets. (B) Percent-
age composition of the tRNA isoacceptor type showing abundancy of tRNA-Gly, tRNA-Lys and tRNA-Val. The doughnut chart illustrates the distribution of different tRNA
isoacceptor types. Percentage reads mapping to each type are average across the replicates in each data set. (C) Histogram of tRNA smaller fragments in exosome data
sets (i.e. exosomes from differential UC (UCexo) and Optiprep fraction 8 and 9). The bar shows peaks between 53 and 56 nucleotides.
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miR-424 and let-7 family which were dysregulated in neurode-
generative diseases including Alzheimer and Prion dis-
eases.9,42,49 In this study, we successfully validated the presence
of let-7b-5p and miR-342-3p in UC exosomes and Optiprep
purified exosomes via qRT-PCR and digital PCR suggesting
that Optiprep gradients are not required to detect these miR-
NAs for biomarker purposes. Among these miRNAs, the top
miRNA signatures presented in exosomes prepared by both
methods mostly overlapped thus, both Optiprep gradient and
UC methods are capable of isolating exosomes that contained
similar miRNA profiles. Further, these miRNAs exhibited neu-
ronal signaling regulation such as neurologic development and
differentiation,8,9,42 suggesting the potential functional role of
exosomes implicated in neurologic processes.

Recently, studies have demonstrated that the biogenesis of
tRNA fragments serves a specific process depending on the cell
type and cellular condition.50,51 Fragments derived from tRNA
were found to be specifically cleaved to perform diverse func-
tions, such as reverse transcription and guidance of other
RNAs.52-54 There are two main groups of tRNA fragments;
tRNA halves (30–35 nt) and tRNA-derived fragments (30–50
nt).43 Furthermore, specific coverage of the fragments on the 30
or 50 end of tRNA had different functional roles. For example,
30 tRNA fragments have been found to be associated with
Argonaute proteins and potentially function similarly to
miRNA by repressing translation. Our study displayed a large
number of sequences mainly composed of »30–53 nt tRNA-
derived fragments in exosomes. Upon analyzing the abundant
tRNA in exosomes, tRNA-Gly isotypes were mostly derived
from the 30 end (Fig. S6). Given the potential for tRNA frag-
ments to play important roles in regulating many biologic pro-
cesses, further studies on the selective abundance of specific
types of tRNA fragments in exosomes are necessary to elucidate
the current finding.

Using NGS, exosomes prepared by both methods were
observed to contain a significant expression of piRNAs. piR-
NAs are of 24–32 nt in length and associate with Piwi family of
proteins including MIWI, MILI, and MIWI2.55 Initially, piRNA
were reported to be implicated in silencing transposable ele-
ments of an animal germ line.56-58 The first evidence demon-
strating the presence of piRNA in the nervous system was
reported by Lee et al., in which piRNA complexes were found
to be implicated in dendritic spine development of axons.59 In
this study, a panel of piRNAs found in exosomes may assist in
the shuttle of piRNA between cells to act upon their targets
within a neuronal system. Other small RNAs detected were
snRNAs or snoRNAs, based on their average size (60–300 nt),
however there was a low abundance of these transcripts.
Although sn/snoRNAs have been shown to regulate transcrip-
tion factors and translation.60,61 the exact mechanism still
requires further investigation. The silencing and other potential
functions from these ncRNA species may provide additional
mechanisms and further understanding exosomal cargo and
transfer.

A noteworthy contrast of this study is one performed by
Van Deun et al where they observed distinct mRNA profiles
obtained from microarray analysis of exosomes isolated from
UC and Optiprep.62 The contrast of our studies may be due to
slight differences in exosomal isolation methods and our ability

to obtain high unbiased deep sequencing coverage of small
RNA which demonstrated that exosomes can contain larger
amounts of small RNA between 20 to 200 nt in length.

In conclusion, the use of high throughput workflow revealed
a wealth of information on the different biotypes of small
ncRNAs in exosomes prepared by Optiprep gradient and UC
method. Similar exosomal small RNA profiles from both exo-
some isolation methods are demonstrated in the present study,
suggesting that the presence of remaining cell debris does not
influence downstream transcriptomic analysis, in particular,
for the detection of small RNA biomarkers. The UC method
may be the preferred protocol as it provides a time efficient and
easy protocol for small RNA biomarker discovery projects and
further applications.
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