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ABSTRACT

Intercellular communication can be mediated by
extracellular small regulatory RNAs (sRNAs). Cir-
culating sRNAs are being intensively studied for
their promising use as minimally invasive disease
biomarkers. To date, most attention is centered on
exosomes and microRNAs as the vectors and the
secreted species, respectively. However, this field
would benefit from an increased understanding of
the plethora of sRNAs secreted by different cell types
in different extracellular fractions. It is still not clear if
specific sRNAs are selected for secretion, or if sRNA
secretion is mostly passive. We sequenced the intra-
cellular sRNA content (19–60 nt) of breast epithelial
cell lines (MCF-7 and MCF-10A) and compared it with
extracellular fractions enriched in microvesicles, ex-
osomes and ribonucleoprotein complexes. Our re-
sults are consistent with a non-selective secretion
model for most microRNAs, although a few showed
secretion patterns consistent with preferential secre-
tion. On the contrary, 5′ tRNA halves and 5′ RNA Y4-
derived fragments of 31–33 were greatly and signif-
icantly enriched in the extracellular space (even in
non-mammary cell lines), where tRNA halves were
detected as part of ∼45 kDa ribonucleoprotein com-
plexes. Overall, we show that different sRNA families
have characteristic secretion patterns and open the
question of the role of these sRNAs in the extracel-
lular space.

INTRODUCTION

Since the discovery that extracellular vesicles (EVs) can act
as vehicles for the exchange of microRNAs (miRNAs) be-

tween cells (1), extracellular small regulatory RNAs (sR-
NAs) circulating in body fluids have attracted great atten-
tion both from a physiological point of view and because of
their promising use as minimally invasive disease biomark-
ers (2). The potential of plasma or serum miRNA profil-
ing for an earlier cancer diagnosis and to predict progno-
sis and response to therapy has been recently reviewed by
Schwarzenbach et al. (3).

In order to persist in the extracellular environment
and participate in cell-to-cell communication, cell-secreted
sRNAs must be protected from ubiquitous extracellular
RNases. To date, circulating sRNAs have been described in
a variety of RNase-insensitive protein or lipid complexes,
or encapsulated inside different types of EVs (4). The vast
majority (above 90%) of circulating miRNAs is reportedly
present in stability-conferring ribonucleoprotein complexes
(5,6). Different proteins such as the catalytic core of the
miRNA-induced silencing complex, Argonaute 2 (5,7) or
nucleophosmin 1 (8), have been associated with circulating
miRNAs in plasma and cell culture media. Small RNAs
have also been described in plasma in association with
lipoprotein particles (9).

However, EV-associated sRNAs have received special at-
tention, in part because of the perceived potential of EVs to
interact with and deliver cargo to specific target cells. EVs
include microvesicles, exosomes and apoptotic bodies. Al-
though the terms exosomes and microvesicles are often con-
founded in the literature (10), these EVs differ both in their
physicochemical parameters (size, density) and in their bio-
genesis. Exosomes are typically described as having diame-
ters of 40–100 nm and as being released into the extracel-
lular space by fusion of multivesicular bodies (late endo-
somes containing intraluminal vesicles) with the cell mem-
brane (11). Microvesicles are considered to be larger in size,
more irregular in shape and derived from outward blebbing
of the plasma membrane. Finally, apoptotic bodies are de-
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rived from cells that have undergone programmed cell death
and contain cellular components such as partially degraded
nucleic acids, peptides and lipids (12).

The cellular mechanisms underlying secretion of sR-
NAs and their selection and sorting into different secretory
routes are still not fully understood. It has been reported
that miRNA secretion is an active ATP-dependent process
(8), and that the exporting cell selects specific miRNAs for
export (8,13). Other authors have proposed that extracel-
lular miRNA levels mirror their intracellular abundances,
and that secretion occurs mostly in a non-selective manner.
Extracellular sRNAs might even be nothing more than a
consequence of necrotic cell death, releasing highly stable
Argonaute/miRNA complexes (7). The different hypothe-
ses regarding selective or non-selective miRNA export from
cells and their roles in cell-to-cell communication have been
reviewed elsewhere (14,15) and remain a matter of debate.

The advent of high throughput sequencing has revealed
that the sRNA populations found inside a cell go far be-
yond the classical small interfering, piwi-associated and
miRNA families. Non-protein-coding functional RNAs
such as rRNA, tRNA, snRNA and snoRNA show terminal
and asymmetric processing to yield smaller RNA entities,
involved (or predicted to be involved) in specific regulatory
pathways (16). In particular, tRNAs are cleaved near the
anticodon loop to yield tRNA halves, some of which were
shown to inhibit cap-dependent translation initiation and
to activate a cytoprotective stress-response reprogramming
protein translation (17). Smaller tRNA-derived regulatory
fragments (18) were also shown to enter the RNA interfer-
ence pathway or regulate protein synthesis by a variety of
mechanisms [reviewed in (19,20)]. Interestingly, recent re-
ports have highlighted the presence of 5′ tRNA halves (21–
23) and 5′ YRNA-derived fragments (21,24) as abundant
vesicle-free soluble complexes in plasma and serum. More-
over, these species were also detected in extracellular vesi-
cles derived from immune cells (13) and human semen (25).
Thus, although most of what is known about small RNA
secretion is still restricted to miRNAs, non-canonical small
RNA families are also secreted by certain cell types.

Herein, we sequenced the intracellular small RNA con-
tent of serum-free cultures of breast epithelial cell lines
(MCF-7 and MCF-10A), and compared it with the small
RNA content of different extracellular fractions following
conventional protocols for microvesicle, exosome and ri-
bonucleoprotein complex enrichment. Our results showed
that most miRNAs are consistent with a non-selective se-
cretion model, with few exceptions. In contrast, 5′ tRNA
halves and 5′ RNA Y4-derived fragments of 31–33 nt
showed secretion patterns consistent with preferential se-
cretion. More than half of the reads mapped to the human
genome in the ribonucleoprotein-associated fraction from
both cell lines were 5′ tRNA halves from Gly and Glu isoac-
ceptors. This corresponded to an approximately 20-fold in-
crease in their relative abundance in comparison with the in-
tracellular compartment. High abundance of tRNA halves
was also observed in the ribonucleoprotein-enriched frac-
tion of HeLa and NCI-H1299 conditioned media, suggest-
ing that secretion of tRNA halves is a rather general mecha-
nism, common to cell lines obtained from different sources.
Overall, we show that different small RNA families have dif-

ferential and characteristic secretion patterns, raising ques-
tions about the biological meaning of these non-canonical
small RNAs in the extracellular space.

MATERIALS AND METHODS

Cell cultures

Cells were routinely incubated in a humidified chamber at
37◦C with 5% CO2 without antibiotics. MCF-7, MCF-10A
and NCI-H1299 cells were purchased from ATCC and used
at low passage (<10). MCF-7 cells were cultured in EMEM
(ATCC) + 0.01 mg/ml recombinant human insulin + 10%
FBS (Gibco) until the desired cell number was obtained.
After media removal and rinsing with phosphate buffered
saline (PBS), cells were changed to defined media [modified
from (26)] consisting of EMEM plus 3.8 �g/ml recombi-
nant human insulin, 0.8 ng/ml EGF, 5 �g/ml transferrin,
475 pg/ml PGF2� and 20 �g/ml fibronectin. After an adap-
tation period of 48 h, the media was completely removed,
cells were rinsed with PBS and new defined media was
added. After further incubation for 48 h, conditioned me-
dia was collected. Cells (70% confluent) were detached us-
ing a trypsin-EDTA solution, counted and lysed. The same
procedure was followed for HeLa and NCI-H1299 cells.
MCF-10A cells were cultured in MEGM (Lonza) according
to ATCC recommendations, but addition of cholera toxin
was omitted. After the desired cell number was obtained,
cells were detached using trypsin-EDTA (which was later
neutralized with soybean trypsin inhibitor) and 1×106 vi-
able cells were plated in 75 cm2 flasks. After 24 h, the me-
dia was removed; cells were rinsed with PBS and incubated
in MEGM without the addition of bovine pituitary extract
(MEGM–BPE media). After an adaptation period of 48 h,
the media was completely removed, cells were rinsed with
PBS and new defined media (MEGM–BPE) was added.
Conditioned media corresponding to t = 48 h was collected,
and cells (at a density of ∼70%) were detached, counted and
lysed. Cell death at the time of conditioned media collection
was below 5% in all cases as performed by trypan blue stain-
ing.

Purification of extracellular fractions

Conditioned serum-free media (t = 48 h) was harvested
from culture flasks and immediately centrifuged at 300 g to
remove detached cells and stored at −20◦C. Once thawed,
the media was centrifuged at 2000 g and 4◦C for 30 min
to remove cell debris and apoptotic blebs. The supernatant
was centrifuged for 0.5 h at 16 000 g and 4◦C. The pellet
(p16 fraction) was washed twice in PBS and resuspended
in a desired volume of PBS or directly subjected to RNA
extraction. The supernatant was gently filtered by 0.22 �m
and centrifuged for 2.5 h at 100 000 g and 4◦C in a Beckman
Coulter Optima XPN-90 ultracentrifuge using an SW40 Ti
rotor. The pellet (p100 fraction) was washed with 1

2 initial
volume of PBS before resuspension in a desired volume of
PBS and protein/RNA extraction. The supernatant of the
first 100 000 g centrifugation (S100 fraction) was concen-
trated to ∼250 �l with 10 000 MWCO ultrafiltration units
(Vivaspin 20, Sartorious Stedim Biotech) and subjected to
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RNA extraction. Purified fractions p16 and p100 were char-
acterized by nanoparticle tracking analysis (NTA) using a
NanoSight NS500 (Malvern Instruments), as described in
the supplementary materials section.

RNA extraction and quantification

RNA purification was performed with Trizol LS (Invit-
rogen, Life Technologies) according to manufacturer’s in-
structions with minor modifications to minimize small
RNA lost in the precipitation step (duplication of iso-
propanol volume and washing with 80% ethanol). In p16
and p100 fractions, 10 �g RNAse-free glycogen was added
as a carrier. RNA was quantified using a Qubit 2.0 fluorom-
eter (Life Technologies) and a Qubit RNA high sensitivity
kit, according to manufacturer’s instructions.

Western blot analysis

Proteins were purified from cells and vesicles from the or-
ganic phase of the Trizol LS reagent used for RNA extrac-
tion, according to manufacturer’s specifications. The pro-
tein pellet was resuspended in 1× RIPA buffer and quan-
tified by the Bicinchoninic Acid assay. For western blots,
20 �g of samples were subjected to 12% sodium dode-
cyl sulphate-polyacrylamide gel electrophoresis and electro-
transferred to Hybond-P PVDF membranes (GE Health-
care, Amersham). After blocking, membranes were incu-
bated overnight at 4◦C with the following murine mon-
oclonal antibodies: anti-TSG101 (4A10; Abcam; dilution
1/1000), anti-CD9 (clone C-4; Santa Cruz Biotechnolo-
gies; dilution 1/300) and anti-CD63 (MEM-259; Abcam;
dilution 1/500). Blots were developed with horseradish-
peroxidase-conjugated rabbit polyclonal secondary anti-
bodies to mouse IgG – H&L (ab6728; Abcam).

Construction of libraries and high-throughput sequencing

Three biological replicates for each extracellular fraction
and for each cell line and two biological replicates for in-
tracellular fractions were sequenced. RNA inputs were on
average 150 ng and 1.2 �g for extracellular and intracel-
lular fractions, respectively. Intracellular RNA inputs were
higher due to the low relative abundance of small RNAs and
the predominance of larger RNA species (mostly rRNAs).
DNA libraries were prepared using the NEBNext Small
RNA Library Prep Set for Illumina (New England Biolabs)
according to the manufacturer’s instructions. Briefly, 3′ and
5′ adapters were ligated to input RNAs, reverse-transcribed
and PCR amplified (15 cycles). Multiplexing indexes were
included in the PCR reaction. PCR products were run on
a 6% polyacrylamide gel and size-selected to include RNAs
with an insert size < 60 nt. Libraries were analyzed using a
2100 Bioanalyzer (Agilent), quantified by the Qubit assay
(Life Technologies) and submitted to sequencing (single-
end) on either an Illumina Genome Analyzer IIx or an Il-
lumina MiSeq desktop sequencer. Supplementary Figure
S1 shows representative polyacrylamide gels and Bioana-
lyzer profiles of sequencing libraries obtained for MCF-7
p16, p100 and S100 fractions, compared to the concentrated
non-conditioned media, which served as a negative control.

In the initial experimental design, reads of up to 72 nt
were considered essential in order to reliably determine the
3′ ends of all sequenced RNAs. Once confirming lack of sig-
nificant RNA populations above ∼40 nt in our libraries, the
last biological replicates were sequenced with a 44-cycle for-
mat. The platform, number of cycles and sequencing depth
in each data set are indicated in Supplementary Table S1.

Sequencing data analysis

After sample demultiplexing and adapter trimming (only
sequences >15 bases which contained an identifiable 3′
adaptor were analyzed), FastQ files containing sequenc-
ing information were mapped to the human genome (hg19)
with Bowtie (27), allowing one mismatch. Mapped reads
were collapsed to unique sequences with their associated
count numbers and aligned with Lastz (one mismatch al-
lowance) to manually curated reference libraries containing
unambiguous sequences corresponding to mature human
miRNAs downloaded from miRBase release 20 (28); ma-
ture human tRNAs downloaded from the genomic tRNA
database (http://gtrnadb.ucsc.edu/); and mature human ri-
bosomal RNA, small nuclear RNA, small nucleolar RNA,
vault RNA and YRNA sequences downloaded from Gen-
Bank (http://www.ncbi.nlm.nih.gov/nuccore/). Only one
annotation per read was kept, prioritizing sense alignments
with no mismatches on the entire query sequence. Since the
Lastz algorithm uses seeds with a minimum length of 19,
the size range of the RNAs under study was finally 19–60
nt (in 72-cycle format). Genomic coordinates correspond-
ing to coding mRNA exons and tRNA 3′ trailers were re-
trieved from the UCSC Main table browser included in the
Galaxy project online platform (29) and used to annotate
mapped reads as CDS and tRF-1. Sequences annotated
with more than one tag were manually resolved by con-
sidering the presence/absence of mismatches, length of the
query sequence and abundance-based likelihood. The rela-
tive abundance of each unique sequence was expressed as
reads per million (RPM) mapped reads by dividing its ab-
solute count number by the total amount of mapped reads
in the data set and multiplying by a million. Subsequent
analysis was performed with in-house ad-hoc scripts. Sta-
tistical tests were performed using the software GraphPad
Prism 5 and are detailed in the figure captions. Sequencing
data were submitted to the sequence read archive database
(http://www.ncbi.nlm.nih.gov/sra) under the BioProject ID:
PRJNA270876

Stem-loop RT quantitative and droplet digital PCR (ddPCR)

We used a modification of the popular stem-loop RT
miRNA quantification method (30) for small RNA quan-
tification. For detection (in ddPCR) a universal hydroly-
sis probe (FAM-MGB-NFQ) was used (Life Technologies,
USA) since this probe was shown to yield the same sensitiv-
ity and specificity as the original method (31). RNA sam-
ples were diluted to 10 ng/�l, and 2 �l were introduced
into the retrotranscriptase mix (Applied Biosystems; Life
Technologies) together with the folded (32) SL-RT primers
at 10 nM final concentration (12 �l final volume). 20 �l
DNAse-free water was added to each tube and 2 �l of di-
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luted cDNA were used to yield 20 �l PCR reaction con-
sisting of 1× ddPCR master mix (Bio-Rad), 1.5 �M for-
ward primer, 0.7 �M reverse primer and 0.8 �M hydrolysis
probe. Emulsification of the PCR reaction and droplet fluo-
rescence readout was performed with a QX100 droplet dig-
ital PCR system (Bio-Rad) following manufacturer’s pro-
tocols. For qPCR, a 2x SYBR green-based qPCR master
mix (KapaBiosystems) was used with a Rotor-Gene 6000
qPCR system (Corbett Life Science). Quantification val-
ues (Cq) were considered relevant if at least 2 cycles below
no-template or no-retrotranscriptase controls (whatever the
least). Primer sequences and hydrolysis probes used are pro-
vided as supplementary material.

Nuclease and protease protection assays

For RNaseA protection assays, three replicates of p100 and
S100 fractions were divided into two equal fractions, one
of which received 4U/ml RNaseA (Sigma) while the other
received an equal amount of PBS buffer. After 30 min. in-
cubation at 37◦C, an adequate volume of Trizol LS was
added to denature the RNase and proceed to RNA isola-
tion as previously indicated. For protease protection assays,
three replicates of p100 and S100 fractions were divided into
two equal fractions and proteinase K (Sigma) was added
to both aliquots at 64�g/ml. After 30 min. incubation at
37◦C, phenylmethylsulfonyl fluoride (PMSF; Sigma) was
added at 5 mM final concentration. After protease inhi-
bition, 4U/ml RNaseA was added to one of the aliquots
(the other receiving an equal volume of buffer). Samples
were incubated for 30 min at 37◦C and subjected to RNA
isolation. RNA from both assays was analyzed by SL-RT-
qPCR specific to miR-21–5p [1–23nt], tRNAGlu

CUC [1–31]
and tRNAGly

GCC [1–30]. The �Cq values for paired sam-
ples were calculated (no RNase treatment – Rnase treat-
ment) and taken together to determine the effect of RNase
treatment versus no treatment (RNase protection), and of
protease followed by RNase versus protease alone (protease
protection).

RESULTS

Characterization and properties of extracellular vesicles iso-
lated by differential centrifugation

We followed a broadly used conventional differential
centrifugation-based protocol intended for the purification
of different types of extracellular vesicles and the vesicle-
free ribonucleoprotein fraction (33–36). However, since
stepped ultracentrifugation procedures cannot achieve ab-
solute separation by size (37), and because the exact cen-
trifugation parameters needed to purify different EVs are
still a matter of debate (38), we will avoid mechanistic defini-
tions. Thus, we will simply refer to our extracellular samples
as sequential fractionations of the extracellular medium,
adopting the terms p16 (for 16 000 g pellet), p100 (for 100
000 g pellet) and S100 (for 100 000 g supernatant).

Isolated extracellular fractions were analyzed by trans-
mission electron microscopy (TEM), NTA and western blot
(Figure 1). Negative staining TEM showed vesicular con-
tent with size and morphology consistent with exosomes in

p100, which was confirmed by NTA and immunoreactiv-
ity against the exosome markers TSG101, CD9 and CD63.
Larger and irregular particles (with a diameter of 300–500
nm) were observed in p16. Even though this size is con-
sistent with microvesicles, these larger particles co-purified
with <100 nm spherical vesicles (Figure 1a, arrows). NTA
analysis confirmed results obtained by TEM showing that
the p100 fraction was mainly composed of particles in the
expected size range for exosomes. On the contrary, p16
showed generally larger particles of widely varying size. This
was confirmed by dynamic light scattering (DLS), which
showed a much higher polydispersity index for p16 com-
pared to p100 (0.43 versus 0.18), implying that p16 particles
were relatively heterogeneous in size.

Different small RNA signatures characterize the intracellu-
lar and extracellular compartments of MCF-7 and MCF-10A
cells

Three biological replicates for each extracellular fraction
together with two biological replicates of the intracellular
content of MCF-7 cells were sequenced. RNA yields in
each preparation are shown in Supplementary Figure S2,
together with a representative RNA size profile in the small
RNA range. While the intracellular fraction showed the ex-
pected size distribution for intact intracellular RNAs (with
a prominent 66 nt peak corresponding to full-length tR-
NAs) a broad peak at 30 nt characterized the S100 frac-
tion. Most RNAs from EVs had a size above the upper limit
of our libraries, although <60 nt RNAs were evident too.
These characteristic size distributions are consistent with
the major small RNA populations found in each extracel-
lular fraction, as will be discussed later.

Main sequencing parameters and outputs for each data
set are summarized in Supplementary Table S1. For MCF-
7 cells, a total of 12.2, 11.4 and 23.7 million reads were ob-
tained for p16, p100 and S100, respectively. Mapping to the
human genome was 94.9% on average for intracellular (‘IN-
TRA’) fractions, and the miRNA profiles from both repli-
cates were highly correlated, with a Pearson’s correlation co-
efficient of 0.927 (Supplementary Figure S3A).

Functional categorization of the small RNA reads was
based on a >94% identity (1 mismatch allowance) to ex-
onic regions of the genome and annotated ncRNAs. In the
intracellular fractions, the majority of the reads ≥19 nt cor-
responded to mature miRNAs (43±9% of mapped reads,
corresponding to 457 different miRNAs). They were fol-
lowed by fragments derived from rRNAs (13.5%), snoR-
NAs (5.4%), tRNAs (2.2%), snRNAs (0.3%), YRNAs
(0.3%), CDS (0.3%) and Vault RNAs (0.03%) (Figure 2a).

The extracellular fractions showed a completely differ-
ent small RNA profile, characterized by very low miRNA
relative abundances (< 1%) and supremacy of rRNA- and
tRNA-derived fragments. This is in line with a recent report
describing high levels of tRNA fragments with miRNA-like
characteristics in EVs derived from MCF-7 cells (39). How-
ever, our data emphasize the predominance of tRNA halves
(30–31 nt) rather than miRNA-like tRNA fragments (21–
23 nt) in the extracellular space. In this regard, the S100
fraction showed a surprisingly high abundance of 5′ tRNA
halves (62 ±1% of mapped reads that represented a 28-fold
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Figure 1. Characterization of p16 and p100 fractions. (A) Negative staining transmission electron microscopy of 16 000 g (p16; left) and 100 000 g (p100;
middle: low magnification; right: high magnification) pellets of the conditioned medium of MCF-7 cells. Arrows in p16 show particles of <100 nm which co-
purified with bigger (>300 nm) vesicles. (B) Size distribution (nanoparticle tracking analysis) of p16 (left) and p100 (right) fractions. Error bars correspond
to the standard error of the mean for five repeated measurements of the same sample. The polydispersity index (PDI) of replicates of the same fractions
measured by dynamic light scattering is also shown. (C) Western blot of exosomal markers: TSG101, CD63 and CD9 in equal protein loads of MCF-7 p16
and p100 fractions.

increase with respect to the intracellular compartment) and
reproducible amounts of rRNA fragments (10 ± 1%). In
contrast, miRNAs were only 0.26 ± 0.07% (164-fold de-
crease).

To address whether the observed differences in the small
RNA profiles between extracellular fractions and the in-
tracellular compartment were a singularity of the tumor-
derived MCF-7 cell line, we repeated the same analysis in
the non-malignant MCF-10A cell line. While miRNAs rep-
resented on average 11±7% of intracellular small RNAs,
this number fell below 1% for the extracellular samples. In
contrast, tRNA-derived fragments showed 3-, 2- and 18-
fold increase in p16, p100 and S100, respectively, compared
to the intracellular fraction. Similarly to MCF-7 cells, ex-
tracellular tRNA-derived sequences showed a narrow size
distribution, with a mode at 30–31 nt (Figure 2a).

For reasons of scale, less-abundant small RNA categories
were plotted separately (Figure 2b). Again, different signa-
tures were observed for the intracellular and the extracel-
lular fractions of each cell line, while corresponding sam-
ples from MCF-7 and MCF-10A cells were rather simi-
lar. Overall, our analysis showed that miRNAs and 30–
31 nt snoRNA-derived species had significantly decreased

relative abundances in the extracellular milieu compared
to the intracellular compartment. Sequences mapping to
tRNA genes showed exactly the opposite trend. Lastly,
while YRNA-derived sequences showed relatively similar
quantitative levels inside and outside the cells, a bias toward
lengths of 31–33 nt was evident in the extracellular frac-
tions. Of note, none of these changes were cell-line-specific.

Sequences mapping to ribosomal RNAs were detected in
high quantities in every data set, but their relative abun-
dances and size distributions showed the highest variation
between replicates. A preference for 5′ fragments was re-
markable, except for 5S-derived sequences where the vast
majority of the sequences started at position +80–100 (Sup-
plementary Figure S4). Peaks of 31 and 36 bases were recur-
rently observed in the intracellular and EV fractions (Sup-
plementary Figure S5). However, lack of reproducibility be-
tween biological replicates prevented us from further ana-
lyzing this population.

Small RNAs derived from the Vault ribonucleoprotein
particle (i.e. Vault RNA fragments) were also studied, since
they were shown to regulate gene expression by miRNA-
like mechanisms (40). Furthermore, Vault RNA fragments
were shown to be enriched in extracellular vesicles derived
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Figure 2. Different small RNA profiles characterize intracellular and extracellular fractions. Reads were annotated in one of the following functional
categories: miRNAs (green area), rRNA-derived sequences (red line), snoRNA-derived sequences (blue diagonal pattern), tRNA-derived sequences (vi-
olet area), snRNA-derived sequences (green diagonal pattern), sequences derived from protein-coding exons (orange diagonal pattern), YRNA-derived
sequences (diagonal red pattern) and 3′ trailer sequences from tRNA precursors (violet diagonal pattern). (A) and (B) are plots of the same data, but miR-
NAs, rRNA-derived and tRNA-derived sequences were omitted in (b) for reasons of scale. RPM: reads per million mapped reads. Error bars correspond
to one standard error of the mean (n = 3 in p16, p100 and S100; n = 2 in INTRA), and were omitted for rRNA-derived sequences in p16 and p100 for
reasons of clarity. The upper size limit of the graphs was set to 40 nt since no remarkable small RNA populations were detected beyond that size.
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from immune cells (13). We found modest amounts of
Vault RNA fragments (321 and 1303 RPM in MCF-7 and
MCF-10A, respectively) in the intracellular compartment.
In MCF-7, Vault RNA-derived sequences were predomi-
nantly produced from the 5′ end (+1 position) and from
the region +[48–69] of their respective precursors. As previ-
ously observed by other authors (13), only the inner frag-
ments were detectable in the extracellular space, suggest-
ing uneven secretion of these sRNAs. Furthermore, Vault
RNA-derived sequences were probably secreted in extracel-
lular vesicles, since only 7 reads (out of 13.3 million mapped
reads; 0.5 RPM) were detected in the MCF-7 S100 fraction,
while they reached 131 and 282 RPM in p16 and p100, re-
spectively.

Most secreted miRNAs are sorted to the extracellular space
in a non-selective manner

To determine whether our data supported or not a selec-
tive model of miRNA secretion we studied the correla-
tion of miRNAs abundances between intra- and extracel-
lular fractions. For this we plotted the Log2 RPM (reads
per million of mapped reads) values for individual miR-
NAs in each extracellular fraction as a function of their
corresponding intracellular expression (Figure 3a–c). In-
terestingly, when intracellular expression values for indi-
vidual miRNAs reached a certain threshold (>25), a di-
rect correlation between intracellular and extracellular val-
ues was evident and the data adjusted to a line of slope
= 1, strongly indicating that miRNA secretion followed a
non-selective behavior. Due to the low relative proportion
of miRNAs in the total of secreted small RNAs, as dis-
cussed above, those miRNAs with low intracellular expres-
sion (<25 RPM) tended to be undetected in the extracel-
lular fractions and gave rise to the accumulation of points
over the X axis of the graphs. Conversely, Figure 3d shows
that miRNAs detected in the extracellular fractions corre-
sponded to those with the highest intracellular expression.
For instance, while only 40% of intracellular miRNAs had
abundances >20 RPM, more than 90% of detectable extra-
cellular miRNAs had intracellular abundances above that
value.

To validate this conclusion, we constructed a theoreti-
cal model to predict the extracellular abundance of each
miRNA based on its corresponding intracellular expression
and assuming passive (i.e. non-selective) secretion. Briefly,
extracellular abundances (in RPM) were predicted by mul-
tiplying intracellular RPM values for each miRNA by a
sample-specific constant to make quantitatively comparable
the intra- and extracellular compartments. This constant
was calculated as the ratio of miRNA reads between the
extracellular fraction and the intracellular compartment.
Thus, under our model, the only variable that predicted the
extracellular abundance of a given miRNA was its intracel-
lular expression. After addition of sampling noise, we ob-
tained a prediction of miRNA distribution under our model
(gray area in Figure 3a–c) that adjusted well to the data
(Pearson’s correlation coefficients ≥0.8; Figure 3, insets).

It should be considered that our approach is empirical,
not mechanistic. Thus, when we affirm that our data sup-
port a non-selective model of miRNA secretion we are not

excluding the possibility that miRNAs were actually se-
creted through a controlled, regulated and selective process.
What this means is that the extracellular abundance of most
miRNAs is not high enough (or low enough) to separate
from the ‘passive line’ beyond sampling noise and biolog-
ical variability. In terms of hypothesis testing, our data do
not allow us to reject the null hypothesis (i.e. non-selective
secretion), given that the theoretical prediction of miRNA
extracellular abundances under the null hypothesis and the
observed values highly correlate.

Of note, correlation analysis serves to study the global
behavior of miRNAs as a population but it does not allow
determining if a small subset of individual miRNAs could
be secreted selectively. As long as the number of exceptions
is low, they would not significantly affect the global analysis
supporting the non-selective model. To analyze this possi-
bility, relative miRNA abundances between samples were
normalized (i.e. we used reads per million total miRNA
reads instead of RPM values), and the fold change between
extracellular and intracellular fractions was calculated. Vol-
cano plots showed significant (P < 0.05) differential (>4-
fold) abundances for only four miRNAs in p16 (three in-
creased and one decreased in the extracellular space), six
miRNAs in p100 (five increased; one decreased) and none
in S100 (Figure 4a). Consistent with the high correlation of
miRNA expression between p16 and p100 (r = 0.96; Sup-
plementary Figure S3), no miRNAs could serve to differen-
tiate both fractions.

Although miR-122–5p had the highest fold change be-
tween extracellular and intracellular samples (75-, 125- and
512-fold increase in p16, p100 and S100, respectively) the
low absolute sequence counts did not provide enough sta-
tistical power to classify it as a candidate for selective
secretion. Nevertheless, detection of this miRNA in the
conditioned media of breast epithelial cells is remarkable,
since miR-122–5p is the second-most specifically expressed
miRNA in humans (41), with expression mostly restricted
to the liver. Ranked by abundance, miR-122–5p varied from
a very low average position of #320 in MCF-7 cell lysates
to #100, #104 and #48 in p16, p100 and S100, respectively
(P < 0.001; one-way ANOVA; Figure 4b).

To obtain sequencing-independent validation of these re-
sults we used stem-loop reverse-transcription (42) droplet
digital PCR (SL-RT-ddPCR) because a typical problem in
miRNA expression analysis by RT-qPCR is the selection of
adequate methods for normalization (43). In our case, this
issue was considered of paramount importance due to the
lack of prior knowledge on adequate species for normaliza-
tion in situations where both the query and the reference
sequences are affected by the secretion process.

Absolute expression values were normalized to RNA in-
put and expressed as Log2 (copies/ng RNA). A subset of
miRNAs spanning different intracellular expression levels
was selected. As expected, a strong correlation was found
for these miRNAs between any extracellular fraction and
MCF-7 cell lysates (Supplementary Figure S6A). Further-
more, experimental values could be adjusted to a regression
line of slope = 1, which was predicted based on our theo-
retical model assuming passive secretion. This result, based
on a random subset of moderately or highly expressed intra-
cellular miRNAs, confirmed that, at least for these species,
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Figure 3. miRNA abundances in the extracellular fractions are consistent with a model of non-selective secretion for most miRNAs. Mean relative abun-
dances (in Log2 scale) of each miRNA in the extracellular fractions p16 (A), p100 (B) and S100 (C) were plotted against their corresponding intracellular
levels. Lines of slope = 1 were manually fitted to the data. A theoretical model which assumes passive secretion was overlaid (light gray area). Insets:
correlation (Pearson’s) between the model and the data. (D) Cumulative distribution of Log2 RPM values of intracellular miRNAs. The black dashed line
includes all detected miRNAs in the intracellular fraction of MCF-7 cells (n = 456). The same analysis was repeated including only those miRNAs with
>1 RPM in p16 (light gray line; n = 119), p100 (dark gray line; n = 114) or S100 (black line; n = 80). As a control, 5 subsamples of 80 randomly selected
miRNAs were also analyzed (black dots).

extracellular levels were mainly a function of their corre-
sponding intracellular abundances. Analysis of miR-122–
5p showed increased, yet not statistically significant abun-
dance in S100. However, once miR-21–5p, miR-16–5p and
let-7i-5p were validated as non-selectively secreted miRNAs
in extracellular fractions, they were used as references for
normalization in SL-RT-qPCR, supporting the selective se-
cretion of miR-122–5p (Supplementary Figure S6B).

Overall, our results support both the non-selective secre-
tion hypothesis for the vast majority of miRNAs and the
selective export of a few candidates (11 out of 182 extracel-
lular detected miRNAs) in specific extracellular compart-
ments. This dual model might explain some of the apparent
contradictions found in the literature regarding miRNA se-
cretion. We also note that lack of biological replicates in
many sequencing reports might have conduced to a general-

ized overestimation of the extent of specific miRNA sorting
to the extracellular space.

The S100 fraction is greatly enriched in ribonucleoprotein
complexes of 40–50 kDa containing 5′ halves from tRNAGly

and tRNAGlu

As described above, while tRNA fragments represented
fractional amounts of mapped reads in MCF-7 and MCF-
10A cell lysates, they constituted an abundant small RNA
category in all extracellular samples. This is in agreement
with previous reports in which tRNA-derived sequences
were detected in EVs from immune cells (13) and human
semen (25). Interestingly, our study showed that tRNA-
derived sequences were significantly enriched (P < 0.001 in
MCF-7; P < 0.05 in MCF-10A) in the S100 fraction (Fig-
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Figure 4. Detection of extracellular-enriched miRNAs. (A) Volcano plots showing miRNAs significantly enriched between extracellular and intracellular
fractions. Sequence counts were normalized to the total sum of miRNAs in each data set and the corrected fold change was calculated and expressed as
Log2. P-values were calculated by an unpaired two-tailed Welch’s t test and expressed as −Log10. The horizontal dashed line shows P < 0.05. (B) Ranking
analysis (i.e. position in a list of miRNAs ordered by abundance) of miR-122–5p. A significant (P < 0.001) lower ranking was found in the extracellular
fractions (one-way ANOVA with Tukey’s post hoc test).

ure 5a), strongly suggesting their secretion as protein/RNA
complexes. Again, this is in agreement with the recent find-
ing of tRNA halves as abundant vesicle-free nucleoprotein
complexes in mouse and human serum (21,22).

In addition to RPM values of tRNA-mapping sequences
that were orders of magnitude higher in S100 than in the
intracellular fraction, qualitative differences were also evi-
dent (Figure 5b and Supplementary Figure S7A). In general
terms, there was a correlation between the most abundant
tRNA fragments found inside the cells and in the super-
natants of the conditioned media. However, diversity was
greatly restricted in extracellular fractions, and particularly
in S100. For instance, sequences derived from only three dif-
ferent tRNAs (tRNAGlu

CUC and two different tRNAGly
GCC

isodecoders) accounted for 89±3% and 88±3% of tRNA-
derived reads in the S100 of MCF-7 and MCF10-A, respec-
tively. These were also the top ranked tRNA sequences in
the cell lysates, but accounted for only 44±9% and 63±9%,
respectively.

Loss of diversity in tRNA-derived sequences in S100 was
manifested not only by a restricted profile of tRNA frag-
ments. The size distributions of these species were also no-
tably condensed. In MCF-7, 80±5% of tRNA fragments
had a length of 30–31 nt in S100 versus 9±2% in the cell
lysates (P < 0.01; Welch’s t-test). The profile was not so
tight in MCF-10A cells supernatants, but a condensation
was also evident and centered at 31–32 nt. With few ex-
ceptions, most tRNA-derived sequences corresponded to 5′
end fragments, irrespective of the cell line and extracellular
fraction.

It has been claimed that tRNA-derived small RNAs can
also be produced by RNase Z-mediated cleavage of the
3′ trailer sequence of pre-tRNAs, yielding the so-called
tRF-1 or 3′ U tRFs (18). We detected modest quantities
(1700±600 RPM) of tRF-1 sequences in the MCF-7 in-
tracellular compartment. The majority of these sequences
(74% in MCF-7, 63% in MCF-10A) corresponded to the
proliferation-associated tRF-1001 (18), a 20 nt sequence
derived from the 3′ trailer of tRNASer

UGA. In contrast to
tRNA halves, tRF-1 extracellular detection was rare. In

MCF-7 S100, tRF-1 reads were below 20 RPM. Overall,
from the diversity of tRNA fragments found in the cell
lysates, only 5′ tRNA halves from Glu and Gly isoaceptors
dominated the S100 fraction.

Validation by SL-RT-ddPCR and SL-RT-qPCR is shown
in Figure 6a and b. As expected, 5′ halves derived from
tRNAGlu

CUC and tRNAGly
GCC did not adjust to the ‘pas-

sive line’ defined by non-selectively secreted miRNAs, par-
ticularly in S100. On the contrary, their abundance was
much higher than predicted by their intracellular levels
(Figure 6a), implying either preferential secretion over miR-
NAs or differential stability in the extracellular space. Since
RNA abundances were normalized to RNA input, system-
atic errors in RNA quantization obtained from different
samples could have affected the results. Thus, we also nor-
malized the abundances of 5′ tRNA halves using validated
non-selectively secreted miRNAs as references. Irrespec-
tively of the reference sequence, tRNA-halves from Glu and
Gly isoaceptors were found to be significantly enriched in
S100 versus intracellular fractions, both in ddPCR-based
(Figure 6b) and qPCR-based assays (Figure 6c).

To address whether the small RNAs detected in S100
were present in genuine ribonucleoprotein complexes or in
very small vesicles remaining in solution after 100 000 g cen-
trifugation, RNase and protease protection assays of the
p100 and S100 fractions were performed (Figure 6d). The
p100 fraction was almost insensible to RNaseA (�Cq <
0.5), as expected for RNAs encapsulated inside extracellu-
lar vesicles. Addition of 1% Nonidet P-40 prior to RNaseA
(but not the detergent alone) made the RNAs completely
sensitive to degradation (data not shown). Treatment with
Proteinase K prior to RNaseA showed a moderate effect,
reducing the levels of selected tRNA halves and miR-21–5p
by ∼4 fold (�Cq = −2.2). On the contrary, the S100 frac-
tion was partially sensible to RNaseA (�Cq = −1.96), but
pretreatment of the sample with Proteinase K dramatically
reduced the levels of the selected species (�Cq = −5.71; dif-
ferent from zero with P < 0.001; ∼52 fold reduction). Taken
together, these results are strong indicators that the RNAs
present in the 100 000 g pellet and supernatant mostly cor-
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Figure 5. The extracellular milieu is enriched in 5′ tRNA halves and Y4 RNA-derived 5′ fragments, especially in the S100 fraction. (A) Comparison of
the percentage of mapped reads corresponding to miRNAs (green; left axis), tRNA-derived sequences (blue; left axis) and YRNA-derived sequences (red;
right axis) in the intracellular compartment and the extracellular fractions. Top: MCF-7 cells. Bottom: MCF-10A cells. (B) Size distributions and relative
abundances of top eight tRNA-derived sequences. Left: intracellular. Right: S100 fraction. Top: MCF-7 cells. Bottom: MCF-10A cells. (C) Comparison
of the percentage of YRNA-derived sequences corresponding to Y1 (blue), Y3 (red), Y4 (green) and Y5 (magenta). (D) Size distributions and abundances
of YRNA-derived sequences. Distribution of the panels is the same as in (B). The upper size limit of both panels was set to 40 nt since no remarkable small
RNA populations were detected beyond that size. Significantly different samples are shown with stars (one-way ANOVA with Tukey’s post hoc test). For
this and subsequent figures, *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 6. Validation of the sequencing results by SL-RT-ddPCR and SL-RT-qPCR, and purification of ribonucleoprotein complexes containing 5′ tRNA
halves. (A) 2D-plots showing the relative abundance (Log2 copies per nanograms of input RNA) of selected miRNAs and tRNA-derived fragments between
extracellular and intracellular fractions, measured by droplet digital PCR (ddPCR). Light gray, dark gray and white dots correspond to p16, p100 and
S100, respectively. (B and C) Increased relative abundance (measured by ddPCR (B); qPCR (C)) of 5′ tRNA halves derived from tRNAGly

GCC (left; 1–30
nt) and tRNAGlu

CUC (right; 1–31 nt) in S100 (gray bars) with respect to the intracellular compartment (diagonal pattern). Abundances of tRNA halves
were normalized to miR-21–5p and miR-16–5p. Significantly higher normalized abundances of tRNA halves in S100 versus INTRA are shown (Student
t test; one-tailed). (D) Protease and RNase protection assays of the p100 and S100 fractions. �Cq values were calculated between samples not treated and
treated with RNaseA. The other experimental variable was treatment with Proteinase K (NT: not treated; +PRK: treated). Three biological replicates of
each condition were analyzed, and each replicate was assayed for miR-21–5p and 5′ halves of tRNAGly

GCC and tRNAGlu
CUC (thus, each bar corresponds

to nine different �Cq values). (E) Top: The S100 fraction from MCF-7 cells was injected in a Superdex 75 10/300 column (size-exclusion chromatography)
and fractions (200 �l) were eluted in 1× PBS using an ÄKTA purifier FPLC system (GE Healthcare, Amersham). The chromatograms correspond to the
absorbance at 280 nm (gray area with dashed contours) and 260 nm (black line). V′

R: adjusted retention volume (VR - Vm). Bottom: Eluted fractions were
assayed for the presence of 5′ halves from tRNAGlu

CUC (gray; left Y axis) and tRNAGly
GCC (black; right Y axis) by SL-RT-qPCR. The horizontal gray

dashed line corresponds to the input (before injection) 2−Cq value for tRNAGlu
CUC. The input 2−Cq value for tRNAGly

GCC was 7.5×10−8.
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respond to different RNA-containing structures. This does
not imply that the S100 fraction is totally vesicle-free or that
p16 and p100 are completely depleted of ribonucleoprotein
complexes. In particular, the observation that the p100 frac-
tion was partially sensible to proteolysis might indicate that
ribonucleoprotein complexes could co-purify with vesicles
to a certain extent, although proteolytic destabilization of
vesicular structures is another possibility.

To gain further insights into the nature of putative tRNA
halves containing ribonucleoprotein complexes, the S100
fraction of MCF-7 and MCF-10A cells were analyzed by
size-exclusion chromatography (Figure 6e and data not
shown, respectively). The chromatogram obtained from a
Superdex 75 10/300 column (GE Healthcare, Amersham)
showed a prominent 280 nm peak at an adjusted reten-
tion volume (V′

R) of 1.5ml, corresponding to the trans-
ferrin present in the defined media formulation. While ab-
sorbance at 260 nm followed the 280 nm profile, a 260 nm
peak was observed at V′

R = 2.5 ml which gave a 260/280
ratio >1 and was therefore indicative of the presence of nu-
cleic acids. Eluted fractions were heat-denatured and ana-
lyzed by SL-RT-qPCR. The aforementioned 5′ halves from
tRNAGlu

CUC and tRNAGly
GCC were detectable above in-

put levels in the fractions which corresponded to the 260
nm peak (Figure 6e, bottom). Mild digestion with trypsin
lowered the intensity and increased the Cq values of tRNA
halves in the 260 nm peak, indicative of protease sensi-
tivity (data not shown). Same-day calibration of the col-
umn determined that the hydrodynamic volume of the
tRNA halves containing ribonucleoprotein complexes cor-
responded to that of a ∼45 kDa globular protein.

Extracellular-enriched RNA Y4-derived 5′ fragments

YRNAs are RNA polymerase III-transcribed small RNAs
of 84–113 nt which associate with Ro60 and La proteins to
yield ribonucleoprotein complexes whose molecular func-
tion are not yet completely understood. Under certain cir-
cumstances, these ncRNAs can be cleaved to yield 22–25
nt and 27–36 nt small RNAs in a Dicer-independent fash-
ion (44). Interestingly, the presence of 5′ fragments from
YRNAs was recently reported in extracellular vesicles from
immune cells and human semen (13,25) and in serum and
plasma (24). Of the four known human YRNA genes (Y1,
Y3, Y4 and Y5), the authors found that the majority of
circulating YRNA-derived sequences corresponded to frag-
ments of RNA Y4 and its pseudogenes.

In our study, extracellular YRNA-derived sequences
were found in every data set, with relative abundances that
varied between 1000 and 10 000 RPM. In general, all se-
quences started at the +1 position of their respective precur-
sors (5′-end fragments). In contrast to what was observed
for miRNAs or tRNA-derived sequences, 5′ YRNA frag-
ments did not show significant quantitative differences be-
tween intracellular and extracellular fractions (Figure 5a).
However, when reads were sorted according to their cor-
responding YRNA precursors, dramatic changes in the in-
tracellular and extracellular profiles became obvious (Fig-
ure 5c). While the intracellular compartments showed sim-
ilar levels of Y3, Y4 and Y5 RNA-derived sequences,
>85% of extracellular YRNA-derived reads corresponded

to RNA Y4. Furthermore, while the size distributions of in-
tracellular RNA Y4-derived reads showed peaks at 19, 26–
29, 31–33 and 36 nt, the 31–33 nt population was predom-
inant in the extracellular fractions (Figure 5d and Supple-
mentary Figure S7B).

Abundance of 5′ tRNA halves in S100 is independent of cul-
ture conditions and not restricted to breast cell lines

It has been shown that tRNAs halves are produced in hu-
mans by ribonuclease 5 (angiogenin), and that angiogenin-
mediated tRNA cleavage is upregulated under certain types
of cellular stress (45–47). Thus, it is possible that the in-
creased levels of tRNA halves in the S100 fraction were
a consequence of a stress imposed by culturing cells un-
der serum-free conditions. To evaluate this, MCF-7 cells
were grown either in a different defined serum-free medium
(MEGM; same used for MCF-10A) or following standard
ATCC recommendations (EMEM plus insulin and 10%
FBS). In both situations, �Cq values for tRNA halves (nor-
malized to non-selectively secreted miRNAs: miR21–5p or
miR-16–5p) were higher in S100 compared to the intracel-
lular compartment, especially for tRNAGlu

CUC (P < 0.05;
Student t test; Supplementary Figure S8A-B). This shows
that secretion of 5′ tRNA halves is not dependent on cul-
ture media and that the behavior is reproducible under stan-
dard growth conditions. It should be considered that both
miR-16–5p and 5′ halves from tRNAGlu

CUC (but not from
tRNAGly

GCC) were detected with low Cq values in the 100
000 g supernatant of non-conditioned EMEM plus 10%
FBS. This observation highlights the importance of work-
ing with defined serum-free media when studying sRNAs
present in ribonucleoprotein complexes because conven-
tional exosome-depleted serum would still contribute to the
S100 sRNA pool. Nevertheless, the increased abundance
of tRNA halves in the S100 fraction of serum-containing
cultures cannot be explained by serum contribution alone
(Supplementary Figure S8B).

To evaluate if secretion of 5′ halves from tRNAGlu
CUC

and tRNAGly
GCC in S100 is a general phenomena, we ex-

tended the analysis to other epithelial cell lines derived
from lung (NCI-H12299) and cervix (HeLa) tissues. In
both cell lines, 5′ halves from tRNAGly

GCC were signifi-
cantly enriched in the S100 fraction, while enrichment in 5′
halves from tRNAGlu

CUC was only observed in NCI-H1299
(Supplementary Figure S8C-D). Considering sequencing of
non-malignant MCF-10A cells also supported the selective
secretion (or increased stability) of tRNA halves in S100, in-
creased abundance in tRNA halves seems to be a hallmark
of the S100 fraction and is not restricted to a certain tissue
or to a malignant phenotype.

DISCUSSION

To date, despite considerable effort invested in the field, cir-
culating miRNA research has generally not yet resulted in
highly specific, validated disease markers (48). A possible
explanation, at least in non-hematological cancer research,
is the great dilution of tumor-derived RNAs in the total
pool of circulating miRNAs, most of which have a blood
or endothelial cell origin (49). Altered miRNA profiles in
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the circulation of cancer patients and donors are usually re-
ported, but discordant results appear across publications of
different authors (50). Altered profiles of circulating miR-
NAs in early-stage cancer patients might be a consequence
of nonspecific systemic responses rather than a true sam-
pling of tumor RNA in the bloodstream (48). An alternative
strategy is to focus in specific extracellular fractions instead
of whole plasma or serum, especially if tumor-derived vesi-
cles can be purified. To do this, a comprehensive profiling
of sRNAs associated with different extracellular fractions is
needed, together with a better understanding on sRNA se-
cretion and sorting into these fractions. Our approach was
also based on the inclusion and sequencing of biological
replicates of each fraction in order to differentiate selective
from non-selective secretion patterns with statistical confi-
dence.

The small RNA content of three different extracellular
vesicle subtypes (microvesicles, A33-positive and EpCAM-
positive exosomes) secreted by a human colon cancer cell
line has been recently reported (51). The authors reported
selective enrichment of several miRNAs in EVs, and a sub-
set of six miRNAs could discern exosomes from microvesi-
cles. This implied selective export of miRNAs in specific
types of vesicles, although lack of biological replicates did
not allow assessment of the statistical significance of these
results. In contrast, other authors have shown evidence sup-
porting a general pattern of non-selective miRNA secre-
tion (7). Due to the high degree of dispersion observed be-
tween biological replicates in high-throughput sequencing
(HTS) data (52), and in accordance with the guidelines of
the International Society for Extracellular Vesicles (53), we
sequenced three biological replicates of each extracellular
fraction of MCF-7 cells in order to address whether miRNA
expression values statistically support either the selective or
the non-selective secretion hypothesis in this cell line. Bi-
ological replicates were prepared at different times, even
months apart, in order to minimize the effect (often un-
derestimated) of cross-contamination during HTS library
preparation (54).

Our results showed that the general pattern of miRNA se-
cretion in MCF-7 cells was mainly non-specific, with a good
correlation between the intracellular levels of each miRNA
and their corresponding extracellular abundances. This was
the case for the three extracellular fractions assayed: p16,
p100 and S100. It has been recently suggested that miRNA
sorting to exosomes may be a passive mechanism to dis-
pose miRNAs in excess of their cellular targets (55). Nev-
ertheless, a subset of miRNAs was consistently found in
higher than expected levels based on their representation
in the intracellular space. Thus, it is possible that both the
non-selective (7) and the selective secretion hypotheses may
be correct (i.e. most miRNAs present in the cytoplasm are
randomly sampled into the extracellular space, but certain
miRNAs might be actively directed to the export pathway).
An intriguing case was miR-122–5p, a well-known liver-
specific miRNA, which was observed in relatively high levels
in two out of three replicates of the S100 fraction, despite
being almost undetectable in the intracellular space (both
in the sequencing data and in qPCR replicates). Although
present in the ‘noise region’, increased levels of circulating
miR-122–5p were recently reported in patients with breast

cancer and predicted clinical outcome (56). Whether this
was a consequence of a non-specific liver response or the
specific secretion of a ‘rare’ miRNA by breast cancer cells,
the observation deserves further attention.

A vast universe of small RNAs exists beyond miRNAs,
and one of the advantages of HTS-based approximations
is that different small RNA families can be studied simul-
taneously in a comprehensive manner. In contrast to miR-
NAs, we have shown that the profiles of other small RNAs
are completely altered between the intracellular compart-
ment and the extracellular fractions. Small nucleolar RNA-
derived sequences were almost depleted in the extracellu-
lar milieu, despite being one of the most abundant small
RNA categories in the cell lysates (albeit far less abundant
than miRNAs). On the contrary, 5′ tRNA halves were sig-
nificantly enriched in the extracellular space. These results
are in good agreement with a previous report comparing
immune cells and immune cell-derived EVs (13). Interest-
ingly, we found that YRNA-derived sRNAs in the extracel-
lular space showed a complete bias toward 5′-end fragments
from RNA Y4, the most abundant fragments in plasma and
serum (24).

Considering NanoSight and ddPCR quantification and
RNA yields in the p100 fraction, we estimate that one copy
of miR-21–5p, miR-16–5p and let-7i was obtained from 98,
780 and 2058 exosomes, respectively. The levels of tRNA
halves were higher, but still far below the 1:1 stoichiom-
etry (1 copy per 7 and 16 exosomes for tRNAGlu

CUC and
tRNAGly

GCC 5′ halves, respectively). This is in accordance
with a recently published report showing that exosomes
carry an average of one given miRNA per 128 particles (6).

Besides extracellular vesicles, protein/RNA complexes
emerge as potentially relevant vectors for RNA secretion
and transport in the extracellular space. In the blood, 5′
tRNA halves and 5′ YRNA-derived fragments were also
preferentially associated with ribonucleoprotein complexes
(22,24). Our sequencing of 100 000 g supernatants from the
conditioned media of MCF-7 cells showed a near 20-fold
increase (P < 0.001) in the abundance of 5′ tRNA halves
with respect to the intracellular compartment. As observed
for RNA Y4-derived sRNAs, only 5′ tRNA fragments of
30–31 nt seemed to show preferential secretion, implying
that the cells are able to discriminate between the varieties
of tRNA-derived sequences of different lengths found in
the intracellular compartment. Size selection makes sense
if 5′ tRNA halves are effectively secreted in complex with
proteins. Indeed, we have isolated by chromatography the
protease-sensitive protein/tRNA-halves complex from the
S100 fraction, which showed a smaller size than previously
reported in serum (22). Such difference in size can corre-
spond to complexes with different proteins in conditioned
media and serum, a difference in oligomerization state,
or the presence/absence of auxiliary proteins in the com-
plexes. Identification of the presumptive tRNA half-binding
protein/s is ongoing.

A second mammary epithelial cell line (MCF-10A), im-
mortalized but not tumorigenic, was also sequenced, and
almost identical results were obtained. This means that the
observed secretion biases were not simply a peculiarity of
MCF-7 cells. An additional advantage of the MCF-10A cell
line was its routine culture under serum-free defined con-
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ditions. Since miR-16–5p and 5′ halves from tRNAGlu
CUC

were detectable by qPCR even in 100 000 g supernatants
of medium containing 10% fetal bovine serum, we strongly
advise the use of serum-free conditions is when studying the
ribonucleoprotein-associated small RNA profile in cell cul-
ture. The observation that tRNA halves were secreted above
miRNA levels by lung and cervix cell lines is indicative that
the secretion pathways underlying our sequencing results
are common to different cell types.

Overall, we have presented evidence supporting different
patterns of secretion for various small RNA families and
their sorting into different extracellular compartments. Our
results highlight the importance of the ribonucleoprotein
fraction as a biologically relevant and understudied com-
partment in which to seek small RNAs of different sources.
A mixed model of miRNA secretion was presented. We do
not wish to speculate as to what role the predicted secretion-
selected miRNAs might play in the biology of breast cancer,
but the possibility deserves further research. For the major-
ity of cases, miRNA secretion conformed better to a non-
selective secretion model. In contrast, YRNA- and tRNA-
derived sequences showed clear signs of being secreted in a
selective manner, though differential stability is an alterna-
tive explanation.

Extracellular processing of secreted tRNAs is another
possibility which for the moment cannot be discarded. Ex-
tracellular processing in cancer-cell-derived exosomes was
recently reported for miRNAs (36), and the ribonuclease
presumably involved in the biogenesis of tRNA halves (an-
giogenin) is known to be secreted (57). As previously sug-
gested (7), extracellular RNA-containing structures might
be no more than by-products of necrotic cell death, though
this does not exclude a possible role in intercellular com-
munication. In this regard, a recent report from our group
demonstrated that EVs containing tRNA halves could be
transferred from parasites to susceptible mammalian cells
and that this process is involved in Trypanosoma cruzi
pathogenesis (58). Furthermore, secretion of tRNA halves
in ribonucleoprotein complexes might transfer a stress re-
sponse to surrounding cells, acting as dominant negative
extracellular regulators of protein synthesis. However, 5′
halves of tRNAGlu

CUC do not bear the terminal oligogua-
nine motif involved in this process (59). Independently of
sequencing motifs, the predicted stem-loop structure of
tRNA halves (which includes the D-loop of their parental
tRNAs) might confer aptameric-like properties to these
biomolecules, serving as scaffolds for protein assembly or
promoting conformational changes in cell-signaling pro-
teins (even mediating their secretion).

In any case, new light will come from the identification of
the protein components of extracellular tRNA halves con-
taining ribonucleoprotein complexes. A recent report has
shown that bacterial YRNAs mimic tRNAs and are sub-
strates of the same processing machinery (60). These obser-
vations and the finding of these species in circulation (22,24)
suggest that there may be a biological reason for cleavage
of tRNAs and secretion of 5′ halves into the extracellular
space.
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