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Quantitative and qualitative analysis of small RNAs in
human endothelial cells and exosomes provides insights
into localized RNA processing, degradation and sorting
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Exosomes are small vesicles that mediate cell�cell communication. They contain proteins, lipids and RNA, and

evidence is accumulating that these molecules are specifically sorted for release via exosomes. We recently

showed that endothelial-cell-produced exosomes promote angiogenesis in vivo in a small RNA-dependent

manner. Recent deep sequencing studies in exosomes from lymphocytic origin revealed a broad spectrum of

small RNAs. However, selective depletion or incorporation of small RNA species into endothelial exosomes has

not been studied extensively. With next generation sequencing, we identified all known non-coding RNA classes,

including microRNAs (miRNAs), small nucleolar RNAs, yRNAs, vault RNAs, 5p and 3p fragments of

miRNAs and miRNA-like fragments. In addition, we mapped many fragments of messenger RNAs (mRNAs)

and mitochondrial RNAs (mtRNAs). The distribution of small RNAs in exosomes revealed a considerable

overlap with the distribution in the producing cells. However, we identified a remarkable enrichment of yRNA

fragments and mRNA degradation products in exosomes consistent withyRNAs having a role in degradation of

structured and misfolded RNAs in close proximity to endosomes. We propose that endothelial endosomes

selectively sequester cytoplasmic RNA-degrading machineries taking part in gene regulation. The release of

these regulatory RNAs via exosomes may have implications for endothelial cell�cell communication.
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E
xosomes are small (50�130 nm) extracellular vesi-

cles generated within multivesicular bodies (MVB).

Upon fusion with the plasma membrane, MVB

release their intraluminal vesicles into the environment.

They were discovered by Johnstone et al. and Harding

et al., who described the shedding of transferrin receptors

from reticulocytes (1,2). The release of exosomes by a

large number of cells has been demonstrated in vitro, and

exosomes have been isolated from many body fluids,

pointing to the presence and relevance of exosomes

in vivo (3). Exosomes were initially assumed to be vehicles

for the disposal of superfluous molecules. However, they

were later demonstrated to have a possible function in

intercellular communication when Raposo et al. showed in

1996 that MHC-II-bearing exosomes released by B-cells

are able to activate resting T-cells (4).

Subsequent studies showed that exosomes contain

not only proteins and lipids from their cell of origin,

but also incorporate functional mRNA molecules (5,6)

that can be delivered to and translated in recipient cells

(7,8). This finding suggests that exosomes directly

influence gene expression of recipient cells upon inter-

nalization (6,8,9). However, most recent studies indicate a

general enrichment of small RNA species in exosomes.

Of these species, so far only the class of mircoRNAs

(miRNAs) has been confirmed to sustain gene-regulatory

functions upon cell-to-cell transfer (8), which may be

exploited therapeutically (9,10).

Apart from miRNAs, the advent of next generation

sequencing (NGS) revealed a broad spectrum of addi-

tional small non-coding RNAs (ncRNAs) in cells, but

these were also found to be incorporated into exosomes.
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In exosomes from human plasma, saliva and neuronal

cells, small RNA sequences derived from transfer RNA

(tRNA), ribosomal RNA (rRNA), small nuclear RNA

(snRNA) and small nucleolar RNA (snoRNA) have been

identified (11�13). Compared to the producing cells, in

exosomes small RNAs are differentially distributed, sug-

gesting a selective driving force for incorporation of small

RNA species into exosomes. Thus far, several mechan-

isms for selective incorporation of RNA into exosomes

have been described, showing that properties of both

RNAs and proteins appear important for cellular reten-

tion and exosome incorporation (14�17).

We showed previously that endothelial cell-derived exo-

somes are functional in vivo and in vitro and that the RNA

content depends highly on the physiological condition

of the producing cells. Moreover, we demonstrated that

individual miRNA species are not equally distributed

when comparing cells with exosomes (9,18). We hypothe-

sized that, in endothelial cell-derived exosomes, specific

small RNAs are selectively incorporated or depleted. If

correct, this point should be reflected in the quantitative

as well as the qualitative distribution of cellular and

exosomal RNAs. To investigate the identity and nature

of small RNAs in endothelial cells and endothelial cell-

derived exosomes, we performed a thorough deep sequen-

cing analysis on small RNAs isolated from endothelial

cells and their corresponding exosomes. This approach

revealed that many small RNAs and fragments from larger

RNAs are asymmetrically distributed within cells and exo-

somes, suggesting a selective driving force for incorpora-

tion of these RNA molecules. Because we also observed

an unequal distribution for messenger RNA (mRNA)

and mitochondrial RNA (mtRNA) fragments, we propose

that gene control through mRNA turnover is linked to

the exosome biogenesis pathway in endothelial cells.

Material and methods

Cell culture
Human endothelial cell line 1 (HMEC-1) cells (Centers

for Disease Control and Prevention, Atlanta, GA, USA)

were cultured at 378C and 5% CO2, in MCDB 131 medium

(Life Technologies, Grand Island, NY, USA) supplemented

with 10% foetal calf serum (FCS), 100 U/ml penicillin,

100 mg/ml streptomycin, growth factors (10 ng/ml hEGF

and 50 nm hydrocortisone) and 10 mM L-glutamine

(all from Life Technologies). Cells were grown for up to

27 passages. Before exosome isolation, the cells, with a

confluence of about 80%, were grown for 24 h in medium

supplemented with exosome-free FCS. This was generated

by centrifuging FCS for 1 h at 200,000�g (Beckman

LE80K preparation ultracentrifuge, Beckman Coulter,

Indianapolis, IN, USA) followed by filtration through a

0.20 mm filter.

Exosome isolation
Exosomes were isolated from harvested medium through

differential centrifugation as previously described (9).

Briefly, harvested medium was centrifuged for 15 min at

1,500�g to remove apoptotic cells and cellular debris.

Subsequently, the supernatant was collected and centri-

fuged for 30 min at 10,000�g to remove microvesicles

and membrane debris. The remaining supernatant was

collected and centrifuged for 1 h at 100,000�g to pellet

exosomes, which were resuspended in PBS and again cen-

trifuged for 1 h at 100,000�g. Sucrose density gradient

analysis was performed as previously described (9), and

400 ml fractions were taken from the top for subsequent

immunoblot analysis and RNA isolation.

Immunoblotting
For immunoblotting, exosome and cell samples were diluted

1:1 in exosome sample buffer (5% SDS, 9M urea, 10 mM

EDTA, 120 mM Tris-HCl, pH 6.8, 2.5% beta-mercap-

toethanol) and heated (958C, 5 min). For cell samples, cells

were scraped from the culture surface, resuspended in lysis

buffer [1% SDS and 0.1% Triton X-100 in PBS with

protease inhibitors (cOmplete Mini, EDTA-free, Roche,

Basel, Switzerland)] and incubated on ice for 30 min.

Genomic DNA was sheared through a 27G needle 4 times.

SDS-PAGE, protein transfer and blocking were performed

as previously described (9). Subsequently, membranes were

incubated in one of the following antibodies: rabbit-anti-

GAPDH (Cell Signaling, Boston, MA, USA), rabbit anti-

flotillin 1 (Santa Cruz Biotechnology, Santa Cruz, CA,

USA), goat anti-lamin A/C (Santa Cruz Biotechnology),

mouse anti-CD9 (Santa Cruz Biotechnology), mouse anti-

ATP5A (Abcam, Cambridge, UK), rabbit anti-Tom20

(Santa Cruz Biotechnology) or rabbit anti-histone H2A.X

(Merck Millipore, Billerica, MA, USA).

As secondary antibodies, 1:2,000 diluted affinity-purified

swine-anti-rabbit, rabbit-anti-mouse, or donkey-anti-

goat coupled to horseradish peroxidase (Dako, Glostrup,

Denmark) were used. Antigen-antibody reactions were

visualized with enhanced chemiluminescence according

to the manufacturer’s guidelines (chemiluminescent per-

oxidase substrate, Sigma-Aldrich, St. Louis, MO, USA)

and imaged using a GelDoc XR�system (Bio-Rad,

Hercules, CA, USA).

Electron microscopy
Transmission electron microscopy was conducted as des-

cribed (19). In short, Formvar-filmed carbon-coated grids

were placed on 5-ml exosome samples for 20 min. After 3

washes with glycine (0.15% in PBS) and 1 with BSA (0.1%

in PBS), specimens were fixed in glutaraldehyde (1% in

PBS, 5 min) and given 2 washes with PBS. After 4 washes

with distilled water, grids were placed on ice-cold 1.8%

methylcellulose (25 Ctp)/0.4% uranyl acetate for 5 min.

They were then viewed using a FEI Tecnai 12 (FEI,

Hillsboro, OR, USA) transmission electron microscope.
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Cellular and exosomal RNA isolation
Cellular and exosomal RNA isolation was performed using

the mirVanaTM miRNA Isolation Kit (Life Technologies),

according to the manufacturer’s protocol. DNAwas digested

using the QIAGEN (Venlo, the Netherlands) RNase-Free

DNase set as described in the manufacturer’s protocol,

and DNase was heat-inactivated at 658C for 10 min. The

composition of isolated RNA was analysed using small

RNA chips and RNA 6000 LabChip on a Bioanalyzer 2100

(Agilent Technologies, Santa Clara, CA, USA).

Small RNA sequencing
Small RNA sequencing was performed by ServiceXS

(Leiden, the Netherlands). Briefly, the Illumina (San Diego,

CA, USA) TruSeq Small RNA-Seq Sample Prep Kit was

used according to manufacturer’s protocol to prepare

small RNA for sequencing. The quality and yield after

sample preparation was measured with a High Sensitivity

DNA Lab-on-a-Chip and corresponded to the expected

150 bp. Clustering and DNA sequencing was accom-

plished using the Illumina HiSeq 2000 (Solexa) according

to manufacturer’s protocol. Two sequencing reads were

performed of 100 cycles each using Read1 sequencing and

Read 2 sequencing primers. Image analysis, basecalling

and quality check were performed with the Illumina data

analysis pipeline RTA 1.13.48 and/or OLB 1.9 and

CASAVA 1.8.2.

Small RNA sequencing data; quantitative analysis
Primary data analysis was also performed by ServiceXS

using an in-house analysis pipeline that employs open

source bioinformatics tools. Prior to alignment, the

reads were trimmed for adapter sequences and filtered

for sequence quality. Presumed adapter sequences were

removed from the read when the bases matched a sequence

in the adapter sequence set (TruSeq adapters) with 2 or

fewer mismatches and an alignment score of at least 12.

To remove noise introduced by sequencing errors, the

reads were filtered and clipped by quality. The reads were

scanned with a sliding window of 4 bases, using an aver-

age Phred score of Q20 (corresponding to a chance of

1 error in 100 bases) as a minimum threshold for a 4-base-

long section. If such a section had average scores below

this level, the bases were removed and the longest re-

maining fragment was kept. The filtering, trimming and

cutting was performed by Trimmomatic 0.22 (20).

The genome reference and annotation file Homo_

sapiens.GRCh37.70 was used in FASTA and GTF format.

The filtered reads were then aligned to the reference sequence

using Tophat 1.4.0 (Baltimore, MD, USA) combined with

Bowtie 0.12.7 (21). Alignments were stored in BAM files,

which were sorted and indexed by the SAMtools 0.1.18

package (22).

For quantitative analyses, SAM and BAM files were

generated and count files were produced showing the

aligned read counts per gene, with a minimal match of

6 bases and allowing 2 mismatches (represented in dark

grey in the figures). For comparative analysis of the small

RNA sequencing results of all 4 samples, normalized

read counts were generated for each sample by dividing

the amount counts per gene by the number of million

mapped reads.

Small RNA sequencing data; qualitative analysis
The produced BAM files, sorted and indexed, were

analysed on qualitative differences in the coverage of

sequences in exosomes and cells using the Integrative

Genomics Viewer (IGV) 2.3 (23,24), using human genome

19 or Ensembl Homo_sapiens.GRCh37.70 as the refer-

ence genome. In all figures, coverage tracks are displayed

in log scale and set at an automatic range for each

track. RNA classes were attributed to the reads using

the GeneCards or Ensembl annotation (25,26). Further

databases and software used for analysis were the Diana

miRPath software, using the DIANA microT 4.0 (beta

version) prediction software, for the investigation of clus-

tering of miRNA mRNA targets in cellular pathways

and the miRBase database for the identification of 3p and

5p fragments of miRNAs (27,28).

Real-time quantitative PCR
Total RNA was isolated using the mirVana kit as described,

and cDNA was synthesized using the NCode miRNA

First-Strand cDNA Synthesis kit (Thermo Fisher Scientific,

Waltham, MA, USA) using 100 ng RNA as a template.

Subsequently, an equivalent of 500 pg RNA was used in a

quantitative RT-PCR amplification in a MyiQ single-color

real-time PCR system (Bio-Rad) with iQ SYBR Green

Supermix (Bio-Rad) in a final reaction volume of 15 ml.

Primers: Y51FWD: 5?-AGT TGG TCC GAG TGT TGT

GGG-3?; Y52FWD: 5?-CCC CAC AAC CGC GCT TGA

C-3?; Y5REV: 5?-GTC AAG CGC GGT TGT GGG G-3?;
SNORD93_FWD: 5?-TGG CCA AGG ATG AGA ACT

CT-3?; SNORD78_FWD: 5?-ATG AGC ATG TAG ACA

AAG GT-3?; SNORA71B_FWD: 5?-CCT GTA TTC GAA

AGT GAT CG-3?; J01415.15_FWD: 5?-CAG ATT GTG

AAT CTG ACA AC-3?; J01415.18_FWD: 5?-GAG AAA

GCT CAC AAG AAC TG-3?; MIR214_FWD: 5?-ACA

GCA GGC ACA GAC AGG CA-3?; MIR126_FWD:

5?-CAT TAT TAC TTT TGG TAC GC-3’; MIR10B_FWD:

5?-TAC CCT GTA GAA CCG AAT TTG-3?, and the

NCode universal reverse primer. Raw threshold cycle (Ct)

values were calculated with the software iQ5 Optical System

2.0 using automatic baseline settings. Thresholds were set in

the linear phase of the amplification plots.

Results

RNA profiling of endothelial cells and their exosomes
All sample preparations and analyses were performed

in accordance with the recently published ISEV posi-

tion paper on extracellular vesicle RNA analysis (29).
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Exosomes from endothelial cells were isolated using a

sequential centrifugation protocol (30). Their presence in

the final pellet was verified using transmission electron

microscopy (Fig. 1a), and potential nuclear and mito-

chondrial contamination was analysed by immunoblot

(Fig. 1b). Total RNA derived from endothelial cells and

isolated exosomes was analysed using Agilent Bioanalyzer

small RNA chips to compare cellular and exosomal small

RNA profiles (Fig. 1c). Next, we characterized the small

RNA content of these exosomes and their cells of origin

using an NGS approach. Duplicate samples of total RNA,

isolated from endothelial cells and their exosomes were

subjected to NGS, yielding an average of 2,421,546 and

3,364,970 reads for cellular and exosomal RNAs, respec-

tively. Sequencing data is available at the NCBI SRA,

accession number PRJNA272508.

The sequences that could be aligned to the reference

genome represented on average 71.2% of the cellular RNA

reads and 38.4% of the exosomal RNA reads. To con-

centrate data analysis on the most relevant matches, only

aligned sequences with an average read count �10 in any

sample, 772 in total, were selected for further analysis

(Supplementary Table I). The selected identifications were

categorized into different RNA classes based on their

GeneCards or Ensembl annotation (25,26).

Different RNA classes show different relative
distributions
Most known classes of RNAs were identified in endo-

thelial cells and their exosomes. We determined the rela-

tive distribution between cells and exosomes of the ten

most abundant classes, which corresponded to 99.7% of

all aligned reads. These RNA classes included miRNA,

snoRNA, mRNA, yRNA, mtRNA, snRNA, other ncRNA

(including pseudogenes and novel intronic sense RNA),

long non-coding RNA (lncRNA), vault RNA (vRNA)

and small Cajal body-associated RNA (scaRNA) (Fig. 1d).

The remaining aligned reads in cells and exosomes

represented lincRNA, tRNA and 7SK RNA. For all

identified RNA classes, a differential distribution was

observable between cells and exosomes. Whereas miRNA,

snRNA, scaRNA, other ncRNA and snoRNA are rela-

tively enriched in the cells rather than the exosomes,

yRNA, lncRNA, vRNA, mtRNA and mRNA fragments

represented a higher percentage in exosomes than in cells.

The most distinct difference was visible for yRNA-derived

fragments, which were more than 75 times enriched in

Fig. 1. General quantitative comparison of small RNAs in cells and exosomes. (a) Exosomes from endothelial cells were isolated

by ultracentrifugation and analysed by electron microscopy (scale bar: 250 nm). (b) Assessment of exosome purity by immuno-

blot for exosome (CD9, flotillin 1), nuclear (lamin A/C and histone H2A.X) and mitochondrial (ATP5A, Tom20) marker proteins.

(c) Bioanalyzer messenger RNA and small RNA chips were used to obtain cell (upper panel) and exosome (lower panel) RNA size

distribution profiles. (d) Average percentages of mapped reads of the 9 most abundant RNA classes in cells and exosomes ordered by

abundance in cells and (e) enrichment factors of these RNAs in either cells or exosomes. (f) Immunoblot for GAPDH and qPCR analysis

for selected small RNAs on sucrose density gradient fractions.
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exosomes (Fig. 1e). This finding provides an unexpected

link between yRNA processing at endosomal membranes.

To verify that identified exosomal RNAs are indeed asso-

ciated with exosomes, we performed qPCR analyses on

RNA isolated from sucrose density-floated exosomes for

a selection of small RNAs, showing that all analysed

RNAs have the highest abundance in the 1.10 g/ml frac-

tion, in line with the previously reported density for endo-

thelial cell-derived exosomes (9) (Fig. 1f). Importantly,

84%910% of the analysed RNAs could be detected in the

3 peak fractions, with only 6%94% present in the bottom

fraction, which may contain vesicles that did not float

into the gradient or cellular debris. Overall, we conclude

that, within classes, variations in distributions of indivi-

dual members could be detected, both quantitatively and

qualitatively indicating that the sequencing approach is

useful for interrogating the small RNA distributions in

cells and exosomes.

Distribution of miRNAs in cells and exosomes
Among the aligned sequences, 223 mature miRNAs were

identifiable (Supplementary Table I); they were ranked

according to their abundance based on the average nor-

malized read count (counts per million, CPM) in cells and

exosomes. The most abundant miRNAs in cells corre-

sponded well with the most abundant miRNAs in exo-

somes. Four miRNAs (miR-92b, miR-30e, miR-125a and

miR-30d) were among the most abundant miRNAs in

cells, but were present at lower abundance in exosomes,

though still at physiologically relevant counts of �6,000

CPM (31). Similarly, 4 miRNAs that are among the

most abundant miRNAs in exosomes (miR-25, miR-4485,

miR-186 and miR-27a) were not present among the most

abundant miRNAs. These observations suggest that exo-

somal miRNA content largely reflects cellular miRNA

content, but exceptions do exist (Tables I and II).

To identify selectively exosome-sorted miRNAs in endo-

thelial cell-derived exosomes, the miRNAs were ordered

based on relative enrichment factor in either exosomes or

cells. Table III shows that enrichments approaching 100%

(i.e. miRNAs that are not detected in either exosomes

or cells) can be observed. However, it should be noted

that there greater enrichment factors in either cells or

exosomes can especially be observed for lower-ranking

(i.e. less abundant) miRNAs (Fig. 2a).

For all identified miRNAs, IGV software was used

to compare qualitative differences in coverage patterns

in exosomes and cells and assigned numbered groups

according to their distribution. Group 1, in which the

relative abundances of the 5p and 3p fragments were

similar in cells and exosomes (Fig. 2b), encompasses

Table I. Top 15 miRNAs in cells

ID Rank in cells Rank in exosomes

miR-10B 1 1

miR-30A 2 3

miR-27B 3 2

miR-191 4 4

miR-411 5 7

miR-92B 6 16

miR-LET7I 7 5

miR-222 8 15

miR-100 9 10

miR-30E 10 17

miR-381 11 13

miR-126 12 6

miR-125A 13 23

miR-30D 14 18

miR-221 15 8

Table II. Top 15 miRNAs in exosomes

ID Rank in cells Rank in exosomes

miR-10B 1 1

miR-27B 3 2

miR-30A 2 3

miR-191 4 4

miR-LET7I 7 5

miR-126 12 6

miR-411 5 7

miR-221 15 8

miR-25 16 9

miR-100 9 10

miR-4485 30 11

miR-186 19 12

miR-381 11 13

miR-27A 18 14

miR-222 8 15

Table III. Enriched and depleted miRNAs

Higher in exosomes

ID Ratio exosomes/cells

MIR486 57.93

MIR204 25.34

MIR143 15.85

MIR1468 12.29

MIR148A 9.19

Higher in cells

ID Ratio cells/exosomes

AC008738.2 97.28

MIR29B1 18.27

MIR3155A 13.29

FLJ27365 6.87

MIR33B 6.71
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the most miRNAs. However, we noted that additional

fragments flanking or interconnecting the 5p and/or

3p fragments and representing pre-miRNA stem and loop

fragments (Fig. 2c) were often present. These additional

fragments were frequently observed in cells (group 2)

compared to exosomes (group 3), but were never exclu-

sively found in exosomes. In the fourth group, 2 fragments

(5p and 3p) could be identified in cells, whereas one

of these fragments was lacking in exosomes. MiRNAs

belonging to group 5 showed only one of the 5p or 3p

fragments in both cells and exosomes, with the same frag-

ment detected in each sample. In a few cases, a miRNA

Fig. 2. Distribution of micro RNAs (miRNAs) in cells and exosomes. (a) Log2 miRNA abundance ratios (cells/exosomes) are displayed

with miRNAs ordered by their abundance (CPM). Horizontal grey lines indicate 91.5-fold ratios. Differences in distribution of

miRNA fragments between cells and exosomes as observed in Integrative Genomics Viewer coverage tracks were grouped as follows:

(b) group 1: similar distribution; (c) group 2: additional fragment observed in cells; group 3: additional fragment present in both cells

and exosomes; group 4: one fragment not observed in exosomes; group 5: only one fragment observed in both cells and exosomes; group

6: miRNA not detected in exosomes and group 7: miRNA not observed in cells. Group 8 encompasses miRNAs not fitting any of the

described groups and consists of only 2 miRNAs. All groups are illustrated by representative miRNAs (y-axis in log scale). Comparison

of group sizes (d) shows that most miRNA are distributed in a similar manner in cells and exosomes.
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could exclusively be detected in either cells (group 6) or

exosomes (group 7, Fig. 2d). For one (predicted novel)

miRNA (32), AC008738.2, fragment distribution patterns

in cells and exosomes were completely different (group 8,

Supplementary Fig. S1). In conclusion, our data show

that quantitatively, miRNAs are predominantly distrib-

uted evenly between cells and exosomes. However, more

detailed analysis of the distribution of processing frag-

ments revealed that 5p, 3p and stem-loop fragments differ

significantly between cells and exosomes in approximately

half of the identified miRNAs. The reduced abundance

of non-functional stem-loop fragments in exosomes may

suggest that functional ‘‘mature’’ products are sorted

into exosomes, whereas the non-functional fragments are

degraded in the cell’s cytoplasm. This finding is biologi-

cally relevant as it supports the idea of a mechanistic link

between exosome cargo selection machinery and miRNA-

dependent RNA degradation by RISC complexes asso-

ciated with endosomal membranes (17).

snoRNAs and scaRNAs
In our analysis, 97 snoRNAs and 8 scaRNAs could be

identified, generally showing higher read counts in cells than

in exosomes, representing the single RNA class with the most

prominent overall enrichment in cells (2.40-fold). In general,

snoRNAs are represented by far more read counts in cells

compared to exosomes, and only 19 snoRNAs, appear more

abundant in exosomes. These 19 snoRNAs represent 50.8%

of all snoRNA reads in exosomes, but only 14.8% of the

cellular snoRNA reads. The 15 most abundant snoRNAs in

exosomes and cells contain 10 corresponding and 5 different

snoRNAs, (Tables IV and V).

Qualitative differences in the coverage pattern and read

length of snoRNA reads in exosomes and cells were

analysed. Again, several differences in the distribution

of snoRNA fragments between cells and exosomes could

be detected, whereas, as observed for the miRNAs, the

majority (62 snoRNAs) showed a sequence coverage that

was similar in cells and exosomes. In many cases (36/62),

the coverage in exosomes appeared more fragmented

whereas read lengths in cells were longer, showing more

60�70 bp reads resulting in a longer average read length

in cells compared to exosomes (38.796.0 nt vs. 30.392.6

nt, p�0.0007). It also resulted in a different coverage

pattern (group 1), while for the other 26 snoRNAs the

reads and coverage pattern appear identical in cells and

exosomes (group 2).

The remaining 43 snoRNAs were classified based on

the differences in sequence coverage observed in cells and

exosomes such as different sequence coverage and absence

in either cells or exosomes, and summarized in Fig. 3a and

b. We speculate that the skewed distribution of snoRNAs

in cells versus exosomes are likely a reflection of their

biological function(s) in the cell’s nucleus, whereas the

observed enrichment of several snoRNA fragments may

be attributed to a miRNA-like cytoplasmic role of these

fragments (33�35).

Exosomal enrichment of vRNAs and yRNAs
Two separate classes of small RNAs (yRNA and vRNA)

were highly enriched in exosomes. Without exception, all

identified vRNAs and yRNAs were detected to a much

greater extent in exosomes compared to cells, showing

enrichment factors of 6 and 80 for vRNAs and yRNAs,

respectively. Among these RNAs, RNY5 showed the

highest enrichment in exosomes (factor 86) and accounted

for the second most identified RNA species in exosomes

(rank number 48 in cells). vRNAs, RNY1 and RNY4

ranked number 48 and higher in exosomes and 127 and

higher in cells. As observed for miRNAs and snoRNAs,

Table IV. Top 15 snoRNAs in cells

ID Rank in cells Rank in exosomes

SNORD78 1 3

SNORD93 2 1

SNORD114-22 3 10

SNORD43 4 18

SNORD114-9 5 15

SNORD104 6 4

SNORD119 7 8

SNORD114-24 8 88

SNORD100 9 6

SNORD82 10 2

SNORD12 11 41

SNORD99 12 7

SNORD69 13 24

SNORD66 14 13

SNORD12B 15 17

Table V. Top 15 snoRNAs in exosomes

ID Rank in cells Rank in exosomes

SNORD78 2 1

SNORD93 10 2

SNORD114-22 1 3

SNORD43 6 4

SNORD114-9 16 5

SNORD104 9 6

SNORD119 12 7

SNORD114-24 7 8

SNORD100 66 9

SNORD82 3 10

SNORD12 18 11

SNORD99 51 12

SNORD69 14 13

SNORD66 68 14

SNORD12B 5 15
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fragments mapping to vRNAs and yRNAs are mostly

distributed similarly in cells and exosomes (Fig. 4a).

However, for VRNA1-3 and VRNA2-1, an additional

fragment was detected in cells, and for RNY5 the 5?
fragment was 3.0890.08 times more abundant than the

3? fragment in exosomes compared to cells, which we

Fig. 3. Distribution and coverage of small nucleolar RNAs (snoRNAs) in cells and exosomes. (a) Different coverage patterns identified

in IGV coverage tracks were grouped as follows: group 1: similar coverage but different fragment distribution in cells and exosomes;

group 2: similar coverage pattern in cells and exosomes; group 3: additional coverage in cells compared to exosomes; group 4: snoRNA

not detected in exosomes and group 5: different coverage and different fragment distribution in cells and exosomes. (b) Bar chart

comparing sizes of aforementioned groups.

Fig. 4. yRNA and vault RNA (vRNA). (a) Coverage tracks of identified vRNAs and yRNAs in cells and exosomes and (b) 2D

structure of hRNY5, with the predominant fragments identified in cells and exosomes indicated.
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confirmed by RT-qPCR, showing a 2.4990.20 higher

abundance of the 5? fragment (n.s.) (Fig. 4b and Supple-

mentary Fig. 2). Altogether, vRNA and yRNA fragments

represented the highest enriched RNAs in exosomes, but

different fragment distribution patterns were observable

compared to cells.

mtRNA in cells and exosomes
In our data, RNAs representing 28 mitochondrial genes

could be identified by 10 or more reads, corresponding

to 1.11 and 0.18% of the mapped reads in exosomes and

cells, respectively. All but 1 mtRNA (J01415.20) showed

higher read counts in exosomes than in cells, resulting in

a 6-fold higher abundance of mtRNA reads in exosomes

compared to cells. Identified mtRNAs include mitochon-

drial tRNA and rRNAs and 12 of the 13 mitochondrial

mRNAs, with ATP synthase subunit 8 as the only mRNA

not identified (Supplementary Table I).

Although a vast enrichment of mtRNAs is observed in

exosomes, qualitative analysis reveals that observed frag-

ments in cells are in general longer. These longer reads in

cells correspond to protein-coding mRNAs, whereas for

mitochondrially encoded tRNAs, read lengths appeared

similar in cells and exosomes (Fig. 5a and b). The per-

centage of full 100 nt reads represents 21.5% of the reads

in cells, but only 1.3% in exosomes, and corresponds to an

average length of 48.7930.1 nt in cells and 29.4910.8

nt in exosomes (pB0.0001). Correspondingly, the total

amount of nt sequenced in cells is only 1.66-fold higher in

exosomes compared to cells. Summarized, exosomes show

a higher abundance of mtRNAs, but identified RNAs are

significantly shorter.

Fragments from long coding and non-coding RNAs
Besides small RNAs, (fragments of) 389 different long

RNAs (pseudogenes, lincRNAs, lncRNAs and mRNAs)

were also identified, accounting for only 0.7 and 2.4%

of the total reads in cells and exosomes, respectively. In

general, long RNAs are thus represented by low read

counts and overall show an enriched abundance in exo-

somes. This consideration may be of physiological rele-

vance, as some lncRNAs are suspected to have a functional

activity at low copy numbers (36) and the demonst-

rated role of exosome-mediated transfer of mRNA (6,7).

Analysis of sequence coverages shows that, within the

entire genomic region of identified long RNAs, the few

mapped reads are scattered and consequently coverage

patterns in cells and exosomes differ, hampering qualitative

analysis. In cases where sufficient numbers of reads were

mapped to the same region of the RNA in both cells and

exosomes for such a comparison, a pattern similar to

that observed for mitochondrial mRNAs could be ob-

served, with mapped reads in cells longer than in exo-

somes, whereas total coverage appeared similar (Fig. 5c).

In addition, for a few mRNAs identified with sufficient

reads to derive a reliable view of fragment distribution

along the coverage track, fragments corresponding to the

3?UTR could be observed (data not shown). In conclu-

sion, apart from small RNAs, fragments from long coding

and non-coding RNAs can be observed at a low level

in both cells and exosomes. These fragments detected

in exosomes do not appear to be derived from a specific

RNA processing event, but rather seem to represent RNA

degradation products, as length, start and endpoints of

these fragments appear random.

Discussion
Individual endothelial cells align into structured tissues

that perform highly specialized biological functions and

are in constant contact with each other and their sur-

roundings, containing many additional cell types. We have

shown previously in mouse models that endothelial cell-

derived exosomes contain and transfer functional miRNAs

that control key signalling pathways in growing endothe-

lium (9). Here, we performed a first comprehensive ana-

lysis on the total small RNA content of endothelial cells

and their secreted exosomes. We investigated whether

additional small RNA classes are sorted into endothelial

exosomes by applying quantitative and qualitative ana-

lyses using a small RNA sequencing approach.

Quantitative analysis
Our global quantitative analyses reveals enrichment and

selective depletion of particular small RNA classes that

Fig. 5. Mitochondrial RNA (mtRNA) and messenger RNA

(mRNA) fragments in cells and exosomes. Analysis of coverage

and read lengths reveals similar distributions of (a) mitochon-

drial transfer RNAs and similar coverage but shorter read lengths

in exosomes for (b) protein coding mtRNAs and (c) mRNAs.
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are underrepresented (miRNA, sno/scaRNA, snRNA and

other ncRNA) or decidedly overrepresented (mtRNA,

mRNA, lncRNA, yRNA and vRNA) in exosomes when

compared to the producing cells. It should be noted that,

in this comparison, percentages of the total read numbers

were used, which may not necessarily represent the relative

abundance in each total RNA sample, as small RNA

served as the input material for sequencing. The effects

of potentially contaminating DNA were excluded by a

direct comparison by qPCR of DNAse-treated and non-

treated RNA samples, showing that after DNAse treat-

ment 99%91% of the initial signal remained detectable.

As reported earlier, we found that the class of miRNAs

is more abundant in cells compared to exosomes (9)

and, based on Bioanalyzer mRNA chip analyses, small

RNAs appear 1.990.4 times more abundant in exosomes

compared to cells. However, for absolute comparisons,

correction for these different abundances or a suitable

housekeeping RNA that is equally distributed in cells and

exosomes should be performed. Furthermore, it should

be realized that, in comparisons between exosomal and

cellular RNA, exosomal RNA is derived from a vast

amount of exosomes and thus represents the cumula-

tive content of these exosomes, while only RNA from a

relatively low amount of cells is analysed. We judged

that corrections for either small RNA content (higher in

exosomes) or total RNA content (higher in cells) would

dramatically skew (semi-) quantitative analyses towards

either RNA source. To compensate for the lack of well-

established housekeeping RNAs for the comparison of

cellular versus exosomal RNAs, we chose to normalize

read counts for each individual sample, allowing for the

semi-quantitative comparison of RNA abundances.

miRNAs
Functional intercellular transfer of miRNAs through

exosomes has been extensively described (8,9,37). In our

analysis, 223 miRNAs could be identified in exosomes,

representing 96 and 79% of all reads in cells and exosomes,

respectively. Analysis of the most abundant miRNAs

in exosomes may provide clues as to the function of

endothelial cell-derived exosomes. The 10 most abundant

miRNAs in exosomes cover 67.92% of all miRNA reads.

They have been described to have pro-angiogenic (miR-

10b, LET7I, miR-126) (38�40) or anti-angiogenic effects

(miR-100) (41), stimulate cell differentiation (miR-27b,

miR-30a) (42,43) and affect cell proliferation (miR-25,

miR-221) (44,45), whereas for other miRNAs no clear

function has been described (miR-191, miR-411). Poten-

tial effects of these miRNAs on angiogenesis, cell differ-

entiation and proliferation fit well with the described

effects of endothelial cell-derived exosomes (9,46) and may

represent additional players in the described processes.

Furthermore, these high-abundant miRNA can provide

leads for further investigations on the functional effects of

endothelial cell-derived exosomes and the molecular me-

chanisms by which these effects are accomplished, both on

endothelial cells and on other cell types. The high-abundant

miR-10b, for example, may be a key regulator in the cellular

response to hypoxia, explaining the pro-angiogenic effects

in endothelial cells (47), although in other cell types the

effects on cell differentiation will be more prominent specific

identified exosome enriched (48) warranting a broad diver-

sity of further in-depth investigations.

Comparative analysis of miRNAs enriched in either

cells or exosomes may provide information about possible

mechanisms for selective incorporation of miRNAs into

exosomes. Considering only miRNAs with �1,000 reads,

miR-486 is the miRNA showing the highest enrichment

in exosomes (57.9-fold), followed by miR-143 (15.8-fold).

Both miRNAs show extensive 3? uracil residues in addi-

tion to their mature sequence, shown to be important for

selective incorporation into exosomes, whereas additional

adenosines were detected at the 3? end of cellular retained

miRNAs (miR-193a, miR-181b2) (15). These results are

consistent with the function of these modifications on

miRNA activity (49).

Small RNA-derived miRNAs (vRNA, yRNA, snoRNA)
Similar to prior exosome-RNA sequencing studies (11,50),

snoRNAs, yRNAs and vRNAs were also identifiable in

both endothelial cells and exosomes. SnoRNAs represent

the second most abundant small RNA class in cells with

regard to read counts, and the third largest class when

considering IDs, after mRNA fragments and miRNAs.

SnoRNA are small ncRNAs that mediate the modifica-

tion of ribosomal RNAs, and over 350 snoRNAs have

been described thus far (51,52). scaRNAs form a subclass

of snoRNAs representing snoRNA that specifically bind

to the Cajal body in the nucleus (52). yRNA and vRNA

are components of ribonucleoprotein complexes and have

different functions. In the cytosol, yRNAs interact with

the Ro protein, a protein involved in the degradation of

misfolded or misprocessed RNAs, thereby preventing a

specific binding to (correctly folded) RNAs (53). Besides,

yRNAs have a role in the chromosomal DNA replication

(54). vRNAs are components of vault complexes, which have

been demonstrated to be up-regulated in various cancers,

where they have a role in multidrug resistance (55�57).

Drug resistance can be conferred either by direct binding

to chemotherapeutic compounds (58,59) or by the regula-

tion of expression of multidrug-associated proteins (60).

Our observations that fragments of small non-coding

RNAs such as scaRNAs, snoRNAs, vRNAs and yRNAs

are more abundant in exosomes compared to cells are

interesting in the light of recent reports that such frag-

ments may act as miRNAs, as has previously been

reported for several snoRNA-derived RNAs (sdRNAs)

(33�35,61). Interestingly, some of these reported func-

tional sdRNAs were identified in our analysis; moreover,
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many snoRNA-derived fragments with a length of

20�23 nt were identified for snoRNAs without des-

cribed (functional) sdRNAs. Our finding that, similar to

earlier descriptions of exosomal and circulating yRNA

(11,62), primarily 18�48 nt fragments were identified in

our analysis, supports potential processing of yRNA to

miRNA-like molecules (63). Two fragments of 26�29 nt

and 32�35 nt were predominantly detected: a 5p fragment

started at nt 1 and ended at nt 31, but was also present

in slightly longer versions in cells and exosomes, up to nt

39, and a 3p fragment started around nt 50 in cells and

exosomes and ended around nt 73 or nt 83. The 3p

fragment was most prominent in cells, whereas the 5p was

the major fragment in exosomes. Additionally, a fragment

starting at nt 64 and ending around nt 83 was present in

low amounts.

Thus, the most detected fragments are 26�34 nt

in length, which is somewhat longer than the described

22�27 nt for yRNA-derived miRNAs (63).

yRNA-derived fragments have also been described to

associate with PNPase and Rsr, forming a RNA-degrading

complex for the degradation of structured and misfolded

RNAs (64). Moreover, the high amount of yRNAs in

exosomes may indicate that the cytoplasmic RNA-

degrading machinery localizes to the proximity of MVB,

resulting in high focal concentrations of both yRNAs and

RNA degradation products (65,66). Fragments of differ-

ent vRNAs displayed a variety of lengths ranging from

miRNA-like sizes (19�22 nt) to up to 40 nt fragments; they

included the svRNA molecules described earlier (60).

Long coding and non-coding RNA
Although our goal was to profile small B100 nt RNAs, a

low percentage (0.81 and 2.93% of all mapped reads in

cells and exosomes, respectively, including mitochondrial

encoded mRNAs) of the total reads mapped to long

coding and non-coding RNAs. Given the procedure for

physical length restriction using agarose gel and the

propensity of RNA to fold into compact secondary and

tertiary structures, it may be argued that such long, but

compactly folded, RNAs migrate in a similar manner as

short, linear RNAs, explaining their detection by NGS

despite size selection. Additionally, our qualitative ana-

lysis revealed that identified long RNAs were represented,

in both cells and exosomes, by smaller fragments that

nicely corresponded to the size restriction procedure.

Nevertheless, in cells 5.3% of the reads mapping to

protein-coding RNA were full 100 nt reads, over 10-fold

more than in exosomes (0.5%), suggesting that exosomes

contain not only fragmented, but also intact RNA, as

found by others (6,7).

RNA decay takes place in the cytoplasm, thus enrich-

ment of fragmented RNA in exosomes is consistent with

the cytoplasmic origin of exosomes. MiRNA-mediated

RNA degradation has been reported to localize to the

surface of MVB, leading to high focal concentrations of

miRNA and degraded mRNA at the site of intraluminal

vesicle budding (67,68). Furthermore, in accordance with

observations by Batagov and Kurochkin (66), mRNA 3?
ends were relatively overrepresented in exosomes, which

supports the explanation that focal high concentrations

of miRNA and miRNA-degraded RNA cause its in-

creased incorporation into exosomes and illustrates that

the exosomal pathway plays a role in gene regulation.

Additionally, an enrichment of erroneous, degraded RNAs

in exosomes may provide an explanation for the finding

that only 38.4% of the exosomal reads could be mapped,

versus 71.2% of the cellular reads. mtRNAs and proteins

have often been observed in exosomes (11,18,69); they

likely reflect the intracellular pathways involving late

endosome formation, shared by autophagocytosis and

exosome synthesis, or the vesicle-mediated transfer of

mitochondrial content between mitochondria and lyso-

somes (70�72). Our observations with regard to the

presence of RNA degradation products in exosomes

highlight the added value of NGS analysis over RNA

expression array analysis. Importantly, the identification

of shorter fragments representing long RNAs in exosomes

argues for great caution in the interpretation of RNA

expression array data, because in these analyses positive

signals may represent hybridization of (mRNA) frag-

ments rather than complete mRNAs. Verification of the

presence of intact RNAs enriched by PCR � and not

qPCR, in which generally �150 nt fragments are

amplified � is thus strongly urged in such analyses.

Although it remains to be investigated whether specific

identified exosome enriched RNAs reflect the function

of exosomes or rather an efficient method for cells to

dispose of waste RNA, it is clear that the RNA content

of exosomes differs from that of cells in a quantitative

and qualitative manner, linking the endosomal-exosomal

pathway to subcellular sites of gene control.

Conclusions
In summary, our semi-quantitative and qualitative analy-

sis of cellular and exosomal small RNAs shows that many

small RNA classes are present in endothelial cell-derived

exosomes; we demonstrated that different RNA classes

show different distributions between cells and exosomes

with respect to relative amounts and (fragment) distribu-

tion patterns. In general, miRNAs are distributed evenly

between cells and exosomes, although our qualitative ana-

lysis shows that for roughly half of the identified miRNAs,

5p, 3p and stem-loop fragments are differentially dis-

tributed. Furthermore, in addition to miRNA-like frag-

ments derived from snoRNAs, vRNAs and yRNAs, the

degradation products of long coding and non-coding

RNAs appear enriched in exosomes. These findings sug-

gest that, besides possible targeted transport of small

RNAs to exosomes, exosomal RNA content reflects a
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cellular mechanism for localized degradation of RNA in

the proximity of MVB and the subsequent disposal of

RNA fragments through exosomes.
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