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ABSTRACT

Exosomes are small extracellular vesicles of around 100 nm of diameter produced by most cell types. These vesicles carry nucleic
acids, proteins, lipids, and other biomolecules and function as carriers of biological information in processes of extracellular
communication. The content of exosomes is regulated by the external and internal microenvironment of the parent cell, but
the intrinsic mechanisms of loading of molecules into exosomes are still not completely elucidated. In this study, by the use of
next-generation sequencing we have characterized in depth the RNA composition of healthy endothelial cells and exosomes
and provided an accurate profile of the different coding and noncoding RNA species found per compartment. We have also
discovered a set of unique genes preferentially included (or excluded) into vesicles. Moreover, after studying the enrichment
of RNA motifs in the genes unequally distributed between cells and exosomes, we have detected a set of enriched sequences
for several classes of RNA. In conclusion, our results provide the basis for studying the involvement of RNA-binding proteins
capable of recognizing RNA sequences and their role in the export of RNAs into exosomes.

Keywords: exosomes; noncoding RNA; RNA export; extracellular vesicles

INTRODUCTION

Exosomes are small vesicles of ∼100 nm diameter produced
by virtually all cell types. These vesicles are formed via the
endocytic pathway (Friand et al. 2015) and are characterized
by the presence of specific exosomal surfacemarkers (Simons
and Raposo 2009) and a subset of proteins linked to the pro-
ducing cell type and cell state (Keerthikumar et al. 2016).
Cells produce exosomes as a method of autocrine, endocrine,
and paracrine communication (Mathivanan et al. 2010).
These vesicles have been linked to many cellular processes
ranging from viral infection (Yoon et al. 2016) to chemother-
apeutic resistance (Ji et al. 2015), and they have become an
important source of biomarkers for a wide range of diseases
(Momen-Heravi et al. 2015; Øverbye et al. 2015; Solé et al.
2015; Zhou et al. 2015).
The content of exosomes has been widely characterized in

the past few years. It has been described that exosomes con-
tain a mixture of genetic material (DNA and RNA), proteins,
and lipids (Skogberg et al. 2013). The composition of exo-
somes is modulated by the state and stimuli of the cells at
the time of exosomal production. For example, the RNA con-
tent of exosomes is regulated by the microenvironment of the
parent cells (Challagundla et al. 2015) and can indicate the
fate of the cell or cellular system (Li et al. 2016). Several stud-
ies have proven that exosomes are carriers of coding (Lv et al.
2014; Peake et al. 2014) and noncoding RNAs (Umezu et al.

2014; Berrondo et al. 2016; Qu et al. 2016) used by the cells as
an intercellular network of communication, and that the
transmission of these RNA molecules can modify the pheno-
type of the recipient cells.
Even though the mechanisms underlying the loading of

RNAs into exosomes are still mostly unknown, a few RNA-
binding proteins have been found capable of selectively bind-
ingRNAmolecules with specificmotifs and inducing their ex-
port into exosomes (Villarroya-Beltri et al. 2013; Santangelo
et al. 2016; Shurtleff et al. 2016; Kossinova et al. 2017). In
this study, we have addressed the composition of coding
and noncoding RNAs in cells and exosomes from human pri-
mary endothelial cells. By the combination of small RNA and
total RNA sequencing, we have been able to characterize the
coding and noncoding RNA content of exosomes and cells,
thus providing an unbiased database of the RNA composition
of healthy primary endothelial cells. Interestingly, we found
that although the ratio of the diverse subclasses of RNA is
very similar in cells and exosomes, for some of them the na-
ture of the sequences is very different.Moreover, we identified
a set of motifs for several RNA subclasses specifically enriched
in cells or in exosomes, information that can be set as the basis
to find a complete new set of RNA-binding proteins to help
elucidate the mechanisms of exosomal RNA export.
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RESULTS

Purification and characterization of exosomes

Exosomes were collected from supernatant of HUVEC and
purified by ultracentrifugation. The size distribution of exo-
somes was analyzed using dynamic light scattering (DLS). As
shown in Supplemental Figure S1A, the size distribution of
the vesicles ranges from 50 to 150 nm with the majority of
the particles appearing around 100 nm, the expected size of
exosomes. The quality of exosomeswas assessed at protein lev-
el following the recommendations presented by Lötvall et al.
(2014). The proteins identified by western blotting were the
tetraspanins CD9, CD63, and CD81; the cytosolic protein
ANXA2, the mitochondrial protein cytochrome C, and the
cellular protein AGO2 (Supplemental Fig. S1B). As expected,
the exosomal markers (tetraspanins) were enriched in the ex-
tracellular fraction, while the levels of cytosolic proteins were
similar in both samples. Both cytochrome C and AGO2
were only present in the cellular lysate, thus proving that no
contamination of cellular materials was copurified with exo-
somes. These results indicate that the purified fraction ismost-
ly composed of exosomes devoid of cellular contamination.
The RNA composition of cells and exosomes (Supplemental
Fig. S1C,D) differs substantially: The cellular fraction ismostly
composed of the two rRNA major complexes 18S and 28S,
while exosomal RNA is mostly composed of short sequences.

Exosomes are enriched in small RNA fragments

To explore the RNA profile of the HUVEC and exosomes, we
carried out the RNA-seq profile analysis for both small and
long RNA. The main difference between long and small
RNA sequencing is that in the first case, the library prepara-
tion procedure includes a step of size selection of small
RNA fragments by electrophoresis, selecting only fragments
from 16 to 40 nucleotides (nt). The quality of the sequencing
was assessed using FastQC after demultiplexing and trimming
the samples. Only good quality samples were used for further
analysis.We noticed important differences after the trimming
(and discarding samples shorter than 16 nt) of cellular and
exosomal samples (Table 1). The proportion of reads lost after
trimming the exosomal samples was much greater than the

cellular samples, on average 62% vs. 18%, respectively.
These results are in agreement with previously published
data, suggesting that most of exosomal RNA is small frag-
mented RNA (Jenjaroenpun et al. 2013). Then small and
long RNA libraries were mapped to coding or noncoding ge-
nomes (the strategy followed is detailed in Fig. 1) and the het-
erogeneity of the samples after mapping and annotating them
to the full human genome (versionGRCh38) was assessed in a
principal component analysis, Supplemental Figure S2.

The distribution of RNA subclasses differs between
cells and exosomes

In order to determine if the diversity of small RNA fragments
followed a random distribution in exosomes, we decided to
study the abundance of mapped reads in each library per
fragment size. The majority of small RNAs from the cellular
libraries were distributed in two peaks corresponding to the
expected size of microRNAs (22–23 nt) and then a secondary
and weaker peak was observed for piRNAs (28–31 nt) (Fig.
2A). In contrast, in exosomal samples (Fig. 2B), these two
populations were not overrepresented.
Next we assessed the distribution of coding and noncoding

RNA classes in RNA fragments ranging from 16 to 40 nt. The
study of the distribution of RNA species along small RNA
fragments shows that even though there was an accumulation
of small fragments in exosomes, the relative abundance of
microRNAs in the extracellular vesicles is actually smaller
than in cells (∼37% and ∼2%, respectively), even though
the distribution seems to follow the same size pattern in
both compartments. yRNAs were present in both samples
with sequences mapping to the expected size for mature
yRNAs only (from 30 to 34 nt). The detection of snoRNAs
and snRNAs in small libraries (detecting only RNAs ranging
from 16 to 40 nt) indicates the presence of processed frag-
ments of these RNA classes. Moreover, snoRNA fragments
with a size from 25 to 40 nt seem to be exclusively present
in cells, while snRNA fragments are overrepresented in exo-
somes. Of note, a peculiar feature observed in exosomes is the
high number of reads attributed to long coding and noncod-
ing RNAs with very short sequence size (below 20 nt) (Fig.
2C,D).

TABLE 1. Summary of number of reads before and after trimming the samples

Small RNA

Cells R1 Cells R2 Relative reads lost

Before trimming 28,487,715 32,863,198 18.17%
After trimming 24,680,059 25,314,942

Exosomes R1 Exosomes R2 Relative reads lost
Before trimming 26,619,863 31,692,435 62.16%
After trimming 10,015,717 12,059,856

Adaptor sequences were trimmed from the samples using Trimmomatic, and sequences shorter than 16 nt post-trimming were discarded.
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For the analysis of long RNAs, sequences from the total
RNA libraries were mapped against the coding (Aken et al.
2017) or the noncoding genome (Pignatelli et al. 2016).
The noncoding genes were classified following the Ensembl
guidelines into long noncoding RNAs (lncRNAs), short non-
coding RNA (ncRNAs), or processed transcripts (genes
without open reading frame that cannot be included in any
of the two previous groups). In the first group (lncRNAs),
a second subclassification was performed and genes were
separated into 3′-overlapping ncRNAs, antisenseRNA,
lincRNA, sense intronic, and sense overlapping RNAs. In
the case of small ncRNAs, the genes were classified into
microRNAs, piRNAs, rRNAs, snRNAs, snoRNAs, yRNAs,
tRNAs, scaRNAs, and vault RNAs. Amore detailed definition
of these subclasses can be found in Supplemental Table S1.
While only the best alignment was reported for the map-

ping against the coding genome, multiple matching was al-
lowed for the noncoding RNAs. This method resulted in
single reads mapping to several isoforms within the same
gene family (with high sequence homology). This, combined
with the gene redundancy of ncRNAs (some small ncRNAs
fall within the coordinates of longer ncRNAs), resulted in a
greater number of reads per gene type. The results in
Figure 3A show the mean levels and standard deviation of
each one of the RNA subclasses normalized per library size
(106). The vast majority of identified genes fell within four
major groups: lincRNAs, antisense RNAs, processed tran-
script RNAs, and mRNAs in both compartments, followed

by microRNAs in cells and sense intronic RNAs in exosomes.
On the opposite, the less-expressed RNA subclasses in cells
were vault RNAs and circularRNAs. Because the detection
of circular RNAs is based on the joint detection of spliced se-
quences from distant locations in the genome, we considered
that the low mapping levels of this RNA class was an artifact
created by the sequencing length (75 bp): The length of the
reads after finding the splicing point was not enough to prop-
erly map the genome in the cases where the splicing point was
too close to the ends of the read.
In order to analyze if the distribution of RNA classes is

similar in long and short sequences, we assessed the level of
each RNA class in cells and exosomes. We observed that
even though more mRNA sequences were detected in the
small RNA libraries (Fig. 3B), when the total RNA is se-
quenced (Fig. 3C), the main difference is the proportion of
mRNA in exosomes. These results indicate that most of the
exosomal RNA mapping to coding sequences is identified
in very short sequences (up to 40 nt).
In conclusion, most of the RNA subclasses are equally rep-

resented in both compartments except for mRNAs and
microRNAs that are more presents in cells.

Some, but not all, RNA subclasses are differentially
distributed in cells and exosomes

In order to determine if some specific RNAs were selectively
exported into exosomes or retained in cells, we analyzed the

FIGURE 1. Flowchart of RNA-seq analysis. RNA from both cellular and exosomal origin was sequenced separately for small and long RNA analysis.
The bioinformatic tools used for mapping (in gray) of the libraries were Bowtie2 for noncoding RNA and microRNAs, BWA-mem and CIRI2 for
circular RNA, and STAR for coding RNA. The databases used to map the reads are underlined in gray lined boxes and are as follows: full human
coding genome (version GRCh38), miRBase (v21), and ncRNA genome (obtained from Ensembl under “noncoding genome”). The RNA classes de-
tected with each strategy are the following: piwi-interacting RNAs (piwiRNAs), yRNAs, processed transcript RNAs, long intergenic noncoding RNAs
(lincRNAs), small nucleolar RNAs (snoRNAs), transfer RNAs (tRNAs), small nuclear RNAs (snRNAs), ribosomal RNAs (rRNAs), messenger RNAs
(mRNAs), microRNAs, antisense RNAs, sense intronic RNAs, sense overlapping RNAs, 3′-overlapping RNAs, bidirectional promoter RNAs, mito-
chondrial transfer RNAs (Mt tRNAs), mitochondrial ribosomal RNAs (Mt rRNAs), ribozyme RNAs, small Cajal bodies RNAs (ScaRNAs), vaultRNAs,
and circular RNAs.
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distribution of each individual RNA in the RNA subclasses
described above. To do so, the identified RNA genes were
segregated by RNA subclass and then by cellular compart-
ment into three subcategories: only present in cells, only pre-
sent in exosomes, and present in both compartments. Figure
4A shows the number of genes for which the RNA was found
uniquely in one of the other compartments or in both. In or-
der to evaluate if the distribution is different among the dif-
ferent RNA subclasses, data are also shown as percentage of
different genes found per compartment normalized by the
total number of genes known within each RNA subtype
(Fig. 4B).

For all the RNA species studied, the majority of different
RNA molecules were found in common in cells and in exo-
somes. Nevertheless, for mRNAs and bidirectional promoter
lncRNAs, the number of genes uniquely identified in exo-
somes was greater than that uniquely found in cells.
Strikingly, there were 2009 mRNA coding genes identified
only in exosomes (∼10%), while only 83 (0.4%) were
cell-specific (Fig. 4B). On the opposite, the diversity of
microRNAs, snoRNAs, and scaRNAs was greater in cells.
Together with the results shown in Figure 3, we can conclude
that even though there are more mRNAs in cells than in exo-
somes, more unique mRNAs genes are found in the vesicles.

Regarding small noncoding RNAs, of the 1375 miRNAs
expressed in cells and exosomes, about 20% are exclusively

detected in cells (360 miRNA), while only 11 are present
only in exosomes (0.4%). Of the 4169 piRNAs detected in to-
tal, 298 were exclusively found in cells (1.4%), while 81 were
detected uniquely in exosomes (0.4%) (Fig. 4B). Except for
mRNA, miRNA and piRNA, most of the RNAs subtypes
are equally distributed between cells and exosomes.

Distinctive regions of mRNA genes are exported
in different proportions

Because the subclass of RNA that is mostly present as small
RNA in exosomes appeared to be mRNA, we decided to ex-
plore whether some regions of the coding gene were prefer-
entially exported or retained in the cell. For that purpose,
we separated the regions in the gene by 5′-UTR, coding se-
quence (CDS), and 3′UTR. Our study revealed that the distri-
bution of the RNA regions studied (5′UTR, CDS, and 3′UTR)
was present in different proportions in cells and in exosomes.
Figure 5 shows the ratio of reads per region in exosomes vs.
cells. This analysis was performed only for the genes in which
reads were detected in all three regions; this represents a total
of 2223 genes that were classified into 50 clusters. Genes can
be separated into four different groups with similar ratios per
region: In the first group (730 genes), all regions of the genes
are more abundant in exosomes than in cells, but the ratio of
3′UTRs is higher than for the other regions. In the second

FIGURE 2. Small RNA profiles of HUVEC cells and exosomes. Top panels show the abundance of the sequences post-trimming along the length of
size-selected reads (16–40 nt) obtained by sequencing of small RNA libraries for cells (A) and exosomes (B). Bottom panels (cells [C] and exosomes
[D]) show length distribution plotted against abundance of the reads annotated for the indicated RNA subclasses after normalization per RNA type.
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group (343 genes), 3′UTRs are also relatively more present in
exosomes than in cells, although the other regions are more
present in cells or in a very similar proportion. The third
group (424 genes) is composed of clusters of genes that pre-
sent more reads in cells than in exosomes for all regions,
while the last and fourth group (726 genes) represent genes
that are present in very similar proportions in both compart-
ments. In conclusion, we found that all genes do not follow
the same distribution. While the rate of export of some genes
(groups 3 and 4) is similar for all the regions, the others
(groups 1 and 2) show elevated levels of 3′UTR in relation
to the other regions in exosomes compared to cells.

RNA motifs are specifically enriched in one cellular
compartment for some, but not all, RNA subtypes

We then wondered whether some RNA motifs could be in-
volved in the export of RNA classes into exosomes. For
that purpose, using HOMER we performed a motif enrich-
ment analysis in the genes segregated per RNA class and sub-
classified into four different categories: only present in cells,
only present in exosomes, present in both compartments but
significantly more present in cells, and present in both com-
partments but significantly more present in exosomes. A list

with all the genes found only in one compartment for each
RNA class assessed and the ones significantly enriched (P-
value after FDR correction <0.05) in either cells or exosomes
can be found in Supplemental Table S2.
The motif search analysis was able to find significantly en-

riched repetitive sequences for lincRNAs and processed tran-
script RNAs among all four segregated categories: the genes
only found in one or the other compartment and in those sig-
nificantly more present in cells or in exosomes. For antisense
RNAs, common sequences were found in the genes present in
only one of the compartments (both in cells or exosomes)
and in those common to both subcellular compartments
but significantly more present in exosomes. The most signifi-
cantly enriched motifs per RNA subclass are summarized in
Figure 6 and all the 180 significant enriched motifs are de-
tailed in Supplemental Figure S3.
So far, only three proteins have been previously identified

to be involved in specific export of RNA in exosomes. We
thus decided to search for known motifs recognized by those
three proteins, named hnRNPA2B1, SYNNCRIP, or YB1
(Fig. 7). We observed that the motif GGCUG, recognized
by SYNCRIP, was found in one motif within those significant
in antisense RNAs only found in exosomes. The motif recog-
nized by hnRNPA2B1 was also found in antisense RNAs

FIGURE 3. RNA profiles of HUVEC cells and exosomes. (A) The RNA molecules detected in cells or in exosomes were segregated by RNA class and
normalized by library size (106). MicroRNAs, piRNAs, and yRNAs (∗∗) were counted and normalized by the size of the small RNA libraries, and the
remaining categories were identified and normalized using the total number of reads of long RNA libraries. (B,C) Distribution of the RNA species in
HUVEC and Exosome. For both small (B) and total (C) RNA libraries, the identified genes were classified per RNA class and normalized by total
number of genes detected for both cellular and exosomal libraries. Short RNA classes (yRNAs, miRNAs, and piRNAs) were only considered in
the small RNA libraries; and circular RNAs, Vault RNAs, scaRNAs, Ribozyme RNAs, mitochondrial tRNA, and rRNA, bidirectional promoter
lncRNA, 3′overlapping RNA, sense intronic and overlapping RNA, processed transcript RNA, lincRNA, and antisense RNA were only segregated
in total RNA libraries and combined into lncRNAs and processed RNAs in small RNA libraries.
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enriched in exosomes, and finally in processed transcript
RNAs only present in exosomes (in four independent larger
motifs). Finally, the motif recognized by YB1 and NSUN2
was found in lincRNAs significantly more exported and
one motif detected only by YB1 was partially found (except
for the last 3′ nucleotide) in processed transcripts enriched
in exosomes (present only in exosomes or significantly
more present).

DISCUSSION

Several studies have described discrepancies in RNA content
between cells and extracellular vesicles (Crescitelli et al.
2013; Jenjaroenpun et al. 2013; Miranda et al. 2014; Lázaro-
Ibáñez et al. 2017). In general lines, most studies have found
an accumulation of small RNA fragments (Jenjaroenpun et al.
2013) and a high proportion of noncoding RNAs in the extra-
cellular particles (Miranda et al. 2014; Quek et al. 2017). Our
results suggest that instead of an accumulation of small RNAs
species in exosomes, these vesicles may be enriched in frag-
ments of longer sequences. Moreover, in this study most, if
not all, RNA species were detected both in cells and exosomes.

Even though the size distribution of RNAs in exosomes
suggests an accumulation of short RNAs, the relative abun-
dance of small RNAs (microRNAs, piwiRNAs, snRNAs,
snoRNAs, and tRNAs) was much smaller than coding
(mRNAs) or other longer noncoding RNAs. In general lines,
the cellular RNA was mostly composed of lincRNAs and an-
tisense RNAs followed by processed transcript RNA andmes-
senger RNA. In exosomes, the two most common species
were also lincRNAs and antisense RNAs, although the abun-
dance of mRNAs was significantly reduced. It has been al-
ready shown that the distribution of long noncoding RNAs
in exosomes is strongly related to the parent cell type
(Chen et al. 2016) and that it can be regulated by disease
and by changes in the cellular environment (Hewson et al.

2016; Lang et al. 2017; Pan et al. 2017). Exosomal lncRNAs
have also been widely studied as biomarkers (Wang et al.
2014; Isin et al. 2015; Li et al. 2015; Liu et al. 2016) and it
has been hypothesized that theymay act as microRNA spong-
es to promote their export (Ahadi et al. 2016). Moreover,
Gezer et al. (2014) proposed that lncRNAs with a low num-
ber of copies in the cells were more prone to be exported than
others with a higher number of copies, which is in accor-
dance with our results for lincRNAs: Even though the major-
ity of genes were found in both compartments, the number of
exclusively exosomal lincRNAs was slightly greater than that
solely found in cells (564 vs. 341, respectively). Even though
the presence of rRNA in exosomes is highly controversial
(Mateescu et al. 2017), our results indicate that the amount
of full-length rRNA is much lower in exosomes than in cells,
results that are in agreement with the study published by
Enderle et al. (2015). The levels of small rRNA fragments
(16–40 nt) found in cells suggest that the accumulation of
these fragments in exosomes is most likely a reflection of
the RNA landscape in the cells. Although in the case of small
RNA, the proportion of rRNA is greater, we hypothesized
that this could be an artifact caused by the relative impover-
ishment of other RNA classes like microRNAs and
piwiRNAs.
Regarding the presence of small RNAs, the most well-

known class of exosomal RNAs has been microRNAs. The
study of these RNAs in exosomes conforms to the greatest
group of publications in this type of vesicles to date.
MicroRNAs have been described as biomarkers (for reviews,
see Schwarzenbach 2015; Tsochandaridis et al. 2015; Joyce et
al. 2016) and active players in intercellular communication
(Hannafon and Ding 2013; Kosaka et al. 2013; Milane et al.
2015). Exosomal microRNAs are involved in a wide range
of processes ranging from pre-metastatic niche preparation
(Sánchez et al. 2016), chemotherapeutic resistance (Xu et
al. 2017a), or immunomodulation (Okoye et al. 2014).

FIGURE 4. The diversity of RNAs in HUVEC and exosomes is differentially distributed in all RNA subclasses. (A) Data represent the number of
unique and common RNA detected per compartment. The RNA molecules detected in cells or in exosomes were segregated by RNA class and
the total number of unique genes was determined. Genome column represents the total number of genes known in that class. (B) Data represent
the percentage of detected RNA genes in each compartment normalized by the total number of genes known in that class.
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Even though the important role of this type of RNAs in exo-
somes has been widely proven, in our study we found that in-
deed, the abundance of microRNAs in exosomes when
compared with other RNA classes is much smaller than in
cells. Because not all microRNAs are present in exosomes

and their export is often regulated in response to cellular
stimuli, it is possible to hypothesize that the export of specific
microRNAs under certain circumstances is an active process
tightly regulated.
Of special interest in the past few years has been the type

of noncoding yRNAs. These RNAs, initially discovered for
their role in lupus (Lerner et al. 1981), were found later as
stable partners of Ro ribonucleoprotein complexes. They
are transcribed as small RNAs of 83–112, that after being
processed into their mature form, range in size from 24–
34 nt, and usually present a characteristic secondary stem–

loop structure (Farris et al. 1995). They have been found
as biomarkers of coronary artery disease (Repetto et al.
2015) and they are involved in cardioprotection via IL-10
expression regulation (Cambier et al. 2017). Besides this,
in the past couple of years, a few studies have detected circu-
lating levels of these yRNA in serum and plasma (Fritz et al.
2016; Kaudewitz et al. 2016), and later on in extracellular
vesicles such as exosomes (Chakrabortty et al. 2015; van
Balkom et al. 2015; Cambier et al. 2017). In our samples,
we were able to identify these RNAs in the small RNA librar-
ies among the fragments ranging in sizes from 30 to 34 nt.
Their concentration was not as high as other publications
may have suggested before, likely indicating differences de-
pending on the cellular type.
One very interesting observation highlighted by this work

is the peculiar distribution of mRNA in cells and exosomes.
Messenger RNAs have been earlier found in exosomes and
some of them are suggested to be powerful biomarkers (Xu
et al. 2017a; Provencio et al. 2017). Other studies have shown
that mRNAs are transported from the parent to the recipient
cell via exosomes remaining active (Lobb et al. 2017). Here,
we made the striking observation that even though most
mRNA molecules were detected both in cells and in exo-
somes (14,834 different genes), the number of unique
mRNA genes found in exosomes (2009) was much greater
than that of the mRNAs exclusively found in cells (83 genes
only). This observation suggests that some coding genes that
are expressed in the cells are destined to the export and play a
specific role in intercellular communication between other
endothelial cells or with more distant recipient cells.
Some studies have previously suggested that specific re-

gions of coding genes can be preferentially exported into exo-
somes. Batagov and Kurochkin (2013) showed, using data
from a previous study in glioblastoma, that exosomal RNA
was enriched in regions closer to the 3′ end, and that matches
specifically to the 3′UTR regions. Our study has shown that
in HUVEC exosomes, mRNA genes can be classified into
three groups according to the origin of the reads mapping
to coding sequences: 3′UTRs enriched in exosomes, all re-
gions more present in cells, and genes with similar ratios of
expression in both compartments. Although for roughly
half of the genes detected in both compartments, the reads
were mostly originating from the 3′UTR, we cannot conclude
that there is a general mechanism promoting the export of all

FIGURE 5. Regions of the genes are differentially exported into exo-
somes. For each gene found in common in cells and in exosomes
with reads in the 5′ and 3′ UTR as well as in the coding sequence
(CDS), the ratio of reads in exosomes vs. cells per region was assessed
in each region. The heatmap shows the log2 of the fold change between
exosomes and cells per region.
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3′UTR fragments and the specificity in the export of these re-
gions should be further assessed.

How RNAs are specifically exported into exosomes is cur-
rently an important challenge in the field of extracellular ves-
icles. Uneven distribution of small RNA species and
fragments may suggest a possible mechanism by which
only selective RNA fragments of specific size and type are ex-
ported into exosomes. To date, only three RNA-binding pro-
teins have been identified as molecules involved in the export
of small RNAs (microRNAs) into exosomes: hnRNPA2B1
(Villarroya-Beltri et al. 2013), SYNCRIP (or hnRNPQ)
(Santangelo et al. 2016), and YB1 (Shurtleff et al. 2016).
While the role in the export of microRNAs by hnRNPA2B1
and SYNCRIP seems to be based on motif recognition and
selective binding followed by export, YB1 seems to be in-
volved in the packaging of only two microRNAs, miR-223
and miR-144. Surprisingly, in our study, no motifs were
found significantly enriched for microRNAs in any of the
compartments, likely indicating different roles for these pro-
teins depending on the cell type studied.

HnRNPA2B1 is a protein involved in the translocation of
RNA molecules within the cell (Munro et al. 1999) and
from viral particles (Lévesque et al. 2006). Also, members

of the same family of RNPs are involved in the binding of
mRNAs (Suzuki and Matsuoka 2017) and can regulate
gene transcription (Zhang et al. 2017). SYNCRIP, another
member of the hnRNP family, is a known splicing factor
(Beuck et al. 2016), which is also involved in viral RNA rep-
lication (Choi et al. 2004; Liu et al. 2009) that also binds to
mRNA (Kuchler et al. 2014) and that has an important role
in mRNA transcription and degradation (Moser et al. 2007;
Duning et al. 2008). Finally, YB1 is a protein involved in
DNA repair and replication, and in RNA decay, stability,
and transcription (Eliseeva et al. 2011; Lyabin et al. 2014).
It has been mainly studied regarding its role in cancer pro-
gression and maintenance (Jung et al. 2014; Guo et al.
2017; Lim et al. 2017). Among other studies, two of special
interest are the study published by Zhao et al. (2017) where
they found that YB1 can interact with the lncRNA AWPPH
in hepatocellular carcinoma cells promoting cellular growth;
and the study by Wu et al. (2015), where they described that
YB1 can regulate the expression and maturation of
microRNAs via the binding of specific motifs. Moreover, a
recent study proposed that YB1 can promote the export of
all types of RNAs presenting any of three specific motifs de-
pending on their polarity on the gene (Kossinova et al. 2017).

FIGURE 6. Different motifs are enriched per compartment and are exclusive of each RNA subtype. The identified genes were classified by gene class
and compartment localization. Then the full gene sequence was analyzed using HOMER to find common motifs when compared to a background
database containing all the genes found in any or all cellular compartments per RNA class. This table shows, for each category in which we found
significantly enriched motifs, the most overrepresented sequences per RNA class and compartment as well as the number of genes presenting this
motif along with the estimated significance (P-value). A full list of all motifs can be found in Supplemental Figure S3.
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Because all these proteins are RNA-binding proteins not
specific for microRNAs, it is logical to assume that the role
that they have in RNA export into exosomes could also be ex-
trapolated to other RNA subtypes. This theory gains value
when we observe that of all the motifs described in the liter-
ature and found enriched in exosomes (GGAG, recognized
by hnRNPA2B1, GGCUG recognized by hnRNPA2B1
and SYNCRIP, and ACCAGCCU, CAGUGAGC, and
UAAUCCCA, all three recognized by YB1), several of them
are present as part of the motifs enriched in our analysis.
Since the sequence recognized by SYNCRIP that was found
enriched in antisense noncoding RNAs is both significantly
more present in exosomes and in those uniquely found in
these vesicles, it is possible to hypothesize that this protein
could be involved in the selective export of RNAs within
this subclass. At the same time, the sequence recognized by
hnRNPA2B1 was also enriched in both antisense RNAs, pro-
cessed transcripts and lincRNAs that were present in both
compartments but up-regulated in exosomes. Finally, our
data suggest that the RNAs within the category “processed
transcript RNA” were enriched in the motifs recognized by
YB1. Even though it would be logical to expect to find the
YB1 motifs enriched in mRNAs found in exosomes, we attri-
bute the observed variation to differences in the cell type
used. Our results suggest that other RNA-motif recognizing

proteins might be involved in the exosomal export of some
RNA subclasses based on the significant motifs found in
this study.
In this study, we have characterized the RNA content of

cellular and exosomal RNA on human endothelial cells in
depth. Unlikemany other profiling studies already published,
we have used healthy primary cells to show the basal compo-
sition of RNA subclasses and to find the motifs significantly
more present in cells or in exosomes basally. We have also
proven that, even though microRNAs are by far the most
studied class of RNAs in exosomes, they represent a very
small amount of the total RNA content of these vesicles,
thus setting the basis to promote a switch in exosomal
RNA research toward longer RNAs.

MATERIALS AND METHODS

Cellular cultures and exosome production

HUVEC were isolated from umbilical veins. The veins were washed
with PBS, filled with trypsin solution (0.05% trypsin (Difco); 0.2%
EDTA; PBS; pH 7.6), clamped, and incubated in a 37°C water bath
for 20 min. The umbilical vein was then washed with PBS and the
eluate was centrifuged to harvest cells. HUVECs were cultured in
Endothelial Cell Growth Media-2 (EGM2) (Lonza) supplemented

FIGURE 7. RNAmotifs identified by RNA-binding proteins are found among the motifs detected in antisense RNAs, lincRNAs, and processed tran-
scripts. All the sequences enriched in exosomes and found during the sequence enrichment analysis were compared to the motifs recognized by
Syncrip (GGCUG), hnRNPA2B1 (GGAG and GGCUG), YB-1 (ACCAGCCU, CAGUGAGC, and UAAUCCCA), and NSUN2 (CAGUGAGC), in-
volved in the export of RNA sequences to exosomes. The black lines underlying the motifs indicate the matching motifs and the red line indicates
mismatches between the motifs found in this study and the ones recognized by the RNA-binding proteins involved in the export.
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with Supreme Serum (Lonza) 5% (v/v) exosome depleted (exo-
somes were depleted from the serum by overnight centrifugation
at 110,000g and 4°C). Cells were incubated at 37°C and 5% CO2

up to passage 10. For the exosome production, cells were seed in
three T75 flasks in 10 mL of media so that 72 h later they would
have reached 85%–90% confluence. The supernatant was then re-
covered and exosomes were purified by sequential ultracentrifuga-
tion: The media was first centrifuged at 2000g for 20 min at 4°C
to remove unattached cells followed by a second round of centrifu-
gation at 12,000g (45min at 4°C) to remove cell debris and large ves-
icles. The supernatant was then collected and passed through a 0.2
µm filter and ultracentrifuged at 110,000g for 2 h at 4°C to pellet
exosomes (Beckman Coulter Opitima L-90 K, SW32 Rotor). The
pellet was washed with PBS to remove any possible co-precipitated
protein complexes, and with a final round of centrifugation at
110,000g for 2 h at 4°C, the pellet was recovered and stored in
PBS at −80°C.

Exosome characterization

The size distribution of exosomes was assessed using dynamic light
scattering on a Zetasizer Nano ZS (Malvern Instruments, Ltd).
Exosomes were characterized by western blot analysis. Cellular sam-
ples were lysed using RIPA buffer enriched with a cocktail of prote-
ase inhibitors (cOmplete, Mini, EDTA-free Protease Inhibitor
Cocktail, Merck) at a concentration of 20 µL per million of cells.
Exosomal and cellular samples were denatured by boiling at 95°C
for 7 min in 1× loading buffer (in nonreducing conditions for
CD9, CD63 and C81, and in the presence of β-mercaptoethanol
for cytochrome C, ANXA2 and AGO2). Equal amounts (20 µg) of
the protein lysates were electrophoresed on a 12% SDS-polyacryl-
amide gels and transferred to a polyvinylidene fluoride membrane
using a wet transfer system. Using standard technique, the mem-
branes were incubated with anti-CD9 (SC20048, Santa Cruz),
anti-CD63 (106228D, Invitrogen), anti-CD81(10630D, Invitrogen),
anti-Cytochrome C (556433, BD Pharmigen), anti-ANXA2
(D11G2, Cell Signaling), and anti-AGO2 (C34C6, Cell Signaling)
antibodies. The blots were then incubated with the correspondent
secondary antibodies and exposed to films.

RNA extraction and RNA-seq library preparation

For the cellular library preparation, 4 × 106 HUVECs were trypsi-
nized and pelleted, and RNA was extracted using miRNeasy
(Qiagen) following the manufacturer’s instructions. Exosomes
were purified from 20 × 106HUVECs and the RNAwas extracted us-
ing miRNeasy (Quiagen) with one modification: Five volumes of
TRIzol were added to the exosomes; the volume of chloroform and
ethanol were adjusted accordingly. RNA concentration was deter-
mined by Nanodrop (ThermoFisher) for cellular samples and with
the Quant-it Ribogreen RNA assay kit (R11490, ThermoFisher) for
exosomal RNA. To assess the quality of the samples, 2 µL of RNA
was analyzed using theRNApicoAgilent Bioanalyzer. Two biological
replicates were prepared per condition. Small RNA libraries were
generated using TruSeq Small RNA Library Prep Kit (IRS-200-
0012, Illumina) for cellular and exosomal samples using 1 µg and
15 ng of RNA, respectively. The libraries were purified using a 6%
Novex TBW polyacrylamide gel (EC6265BOX, Invitrogen) and the
sequences ranging in size from 145 to 160 nt were selected. For

long RNAs, we used TruSeq RNA Library Prep Kit (RS-122-
2001, Illumina) with a rRNA depletion step using RiboZero
(MRZH116, Illumina) and starting with 1 µg of cellular and 250
ng of exosomal RNA. In both cases, libraries were prepared follow-
ing the manufacturer’s instructions. Libraries were then analyzed on
an Agilent Bioanalyzer DNA 1000 and quantified by qPCR using the
Kapa kit (Kapa Biosystems). Sequencing was performed using an
Illumina HiSeq 2000 (75-pb single-end reads) generating 40 million
reads per long RNA libraries and 25 million reads for small RNA
libraries.

Analysis of RNA-seq data

All the raw sequence files underwent a quality control analysis using
FastQC (version 0.11.5). Remaining adaptor sequences of small
RNA libraries were removed using Trimmomatic (Bolger et al.
2014) with the following parameters: seed mismatches 2, palin-
drome clip threshold 30, and simple clip threshold 12. Reads shorter
than 16-nt post-trimming were discarded. Total RNA libraries were
automatically trimmed during the demultiplexing by the core facil-
ity. For the identification of reads mapping against coding sequenc-
es, STAR (Dobin et al. 2013) was run with libraries prepared for total
RNA. The mapper was used as default in quantification mode
against the human genome and annotation (GRCh38) (Aken et al.
2017); a table of reads per gene was obtained for each sample with
the results of the alignment. Total (long) RNA libraries were used
to identify the number of sequences mapping against noncoding
genes too. The reads were mapped against the ncRNA genome avail-
able from Ensembl (Pignatelli et al. 2016) using Bowtie2 (Langmead
and Salzberg 2012). The mapping was performed in “local” mode
and all valid alignments were reported. The number of reads per
gene detected was counted using an in-house script. The Small
RNA libraries were mapped against the miRNOME (Kozomara
and Griffiths-Jones 2014), for the detection of microRNAs and
against the noncoding genome (Pignatelli et al. 2016) for the re-
maining small RNAs classes. In both cases, the mapping was per-
formed by Bowtie2 using the mode “end-to-end” to ensure no
clipping of the sequences. Only the best microRNA mapping to
the reads was considered, while for noncoding RNA multiple map-
ping was allowed. For circularRNA detection, total RNA libraries
were mapped against the GRCh38 genome using BWA (MEM
mode) and known and potential circRNA candidates were detected
using CIRI (Gao et al. 2015). A glossary of all the RNA species con-
sidered in this study can be found in Supplemental Table S1. The
count of reads per gene was assessed using an in-house script and
the heterogeneity of all replicates was assessed using a PCA table
(Supplemental Fig. S1). All scripts are available upon request. A
summary of the mapping strategy is available in Figure 1.

RNA size and species distribution

The size and abundance profile and the RNA class distribution anal-
ysis were performed using a series of in-house scripts (available
upon request) counting the number of reads after trimming for ev-
ery specific size or type of RNA in small RNA libraries. The relative
abundances of noncoding RNA classes per fragment size in the small
RNA libraries were measured after normalizing the data by library
size and total number of reads mapping against each one of the
RNA subclasses per (small) RNA library.
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Relative abundance of RNA subclasses
per compartment

In order to study the proportion of RNA classes per compartment in
short and long RNA libraries, the sequenced libraries were mapped
against the full genome (GCRh38) allowing multiple mapping
(some noncoding RNAs often fall within the coordinates of longer
coding or noncoding RNAs). Then, the number of reads for each
replicate and RNA class was normalized per library size. The num-
ber of different genes found for each RNA type was then normalized
by the total number of genes detected in each replicate and repre-
sented in percentage of all identified genes.

Localization of RNA classes and analysis of differential
expression

In order to study which genes were significantly more represented in
each compartment, we classified the genes identified only in cells,
only in exosomes, or both in cells and exosomes with at least two
reads per gene in all replicates. The number of genes found in com-
mon or only in cells or exosomes was then normalized by the total
number of genes known per RNA class (extracted from the same ge-
nome annotation used during the library mapping). Differential ex-
pression analysis was performed in the raw data representing the
total number of reads mapping to each gene found in both compart-
ments using EdgeR (Robinson et al. 2010; McCarthy et al. 2012) af-
ter the samples were processed by the scaling normalization method
(Robinson and Oshlack 2010). The statistical significance of the re-
sults was studied after correcting the P-values using the false discov-
ery rate (FDR) method.

Polarity of RNA fragments in mRNA genes

To study if the mRNA fragments found in cells or in exosomes de-
rived in the same regions of the gene (5′ and 3′ UTRs and coding
sequence), a new annotation was constructed with the coordinates
for the beginning and end of each one of the regions. Then, the genes
with reads mapping against all regions were classified and processed
with the scaling normalization method (Robinson and Oshlack
2010). The ratio between normalized reads in exosomes/normalized
reads in cells was assessed for each one of the regions.

Motif search and consensus sequence creation

HOMER (Heinz et al. 2010) was the software used to find and iden-
tify any possible repetitive motifs. Genes were separated into the fol-
lowing categories: present only in cells or only in exosomes, present
in both compartments (at least two reads per replicate) and signifi-
cantly more or less present in exosomes (corrected P-value <0.05).
The whole gene sequences of the identified RNAs were considered
for the motif search. For each type of RNA, a background file
with all the sequences detected in the study in the same RNA class
was used to compare and perform the statistical analysis. Only stat-
istically significant motifs not marked under “possible false positive”
were considered. Significantly enriched motifs found in our
study were manually compared to the sequences involved in the ex-
port of RNA molecules by hnRNPA2B1(GGAG) (Villarroya-Beltri
et al. 2013), SYNCRIP (GGCUG) (Santangelo et al. 2016), and

YB1/NSUN2 (ACCAGCCU,CAGUGAGC, and UAAUCCCA)
(Kossinova et al. 2017).
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