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ABSTRACT

MicroRNAs (miRNAs) are small gene-regulatory 
noncoding RNA that are highly enriched in cow milk. 
They are encapsulated in different extracellular vesicle 
(EV) subsets that protect them from the extracellular 
milieu and the harsh conditions of the gastrointestinal 
tract during digestion. Here, we isolated pellets enriched 
in 4 different EV subsets, via differential ultracentrifu-
gation of commercial cow milk: 12,000 × g (P12K), 
35,000 × g (P35K), 70,000 × g (P70K), and 100,000 
× g (P100K). Small RNA sequencing (sRNA-Seq) 
analyses revealed an unprecedented level of diversity in 
the complete miRNA repertoire and features of unfrac-
tionated cow milk and derived EV subsets. Although 
5 miRNA sequences represented more than 50% of all 
miRNAs, milk EV exhibited heterogeneous content of 
miRNAs and isomeric variants (termed isomiR): P100K 
EV were enriched in reference miRNA sequences, and 
P12K and P35K EV in related isomiR. Incubation of 
milk EV with human cultured HeLa cells led to cellular 
enrichment in miRNA miR-223, which was concomitant 
with decreased expression of a reporter gene placed 
under the control of miR-223, thereby demonstrating 
the functionality of miR-223. These results suggest that 
cow milk EV may transfer their miRNAs to human cells 
and regulate recipient cell gene expression program-
ming in a manner as complex as that of their miRNA 
transcriptome. The biological activity and relevance of 
the different milk EV subsets and bioactive mediators, 
including small noncoding RNA, in health and disease, 
warrants further investigation.
Key words: microRNA, bovine, exosome, extracellular 
vesicle, small RNA

INTRODUCTION

Cow milk is a highly nutritive food source for infants, 
children, and adults, as milk and dairy products are 
enriched in numerous bioactive compounds, including 
proteins (Ballard and Morrow, 2013), lipids (Hill and 
Newburg, 2015), sugars (Ballard and Morrow, 2013), 
and RNA (Izumi et al., 2013). Moreover, milk and 
its by-products are involved in preventing atopy and 
asthma (Sozańska et al., 2013), in modulating inflam-
mation (Bordoni et al., 2017), and in the control of cog-
nitive disorders (Wu and Sun, 2016) and cancer risks 
(Thorning et al., 2016), with possible effects in prenatal 
(Olsen et al., 2007) and long-term postnatal growth 
(Melnik et al., 2013). More recently, milk microRNAs 
have emerged among milk bioactives (Benmoussa and 
Provost, 2019).

MicroRNAs (miRNAs) are small, 19- to 24-nucleo-
tide, noncoding RNA that play a critical role in regu-
lating messenger RNA (mRNA) translation, mainly by 
binding to specific sites located in the 3′ untranslated 
region of mRNA (Bartel, 2018). Harboring a high de-
gree of phylogenetic conservation (Lee et al., 2007; 
Berezikov, 2011), miRNAs have been found in several 
organisms that are part of the human diet (Izumi et al., 
2012; Baier et al., 2014; Arntz et al., 2015; Baier et al., 
2015; Dever et al., 2015; Izumi et al., 2015; Title et al., 
2015; Wolf et al., 2015; Benmoussa et al., 2016; Wade 
et al., 2016).

Each miRNA has multiple naturally occurring iso-
meric variants, termed isomiR (Guo and Chen, 2014). 
These are generated upon nucleotide substitutions, 
additions, or deletions to canonical miRNA sequences 
(Neilsen et al., 2012; Yoda et al., 2013), and their gen-
eration can be influenced by external signals (Nejad 
et al., 2018). Often, the most abundant miRNA iso-
form does not correspond to the consensus reference 
sequence, with specific isomiR overexpressed in disease 
conditions (Telonis et al., 2015). These isomiR can act 
in cooperation with their reference miRNA (Cloonan et 
al., 2011) to exert a biological activity, unraveling the 
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functional and evolutionary importance of isomiR (Tan 
et al., 2014). Additionally, isomiR can be more effective 
than the reference miRNA sequence in regulating their 
mRNA target (Plé et al., 2012), or they may have dif-
ferent targets (Yu et al., 2017a).

Milk is the biological fluid that is the most enriched 
in miRNAs (Weber et al., 2010), with miRNA and 
isomiR profiles depending on the health status of the 
cows (Sun et al., 2015). Importantly, milk miRNAs are 
highly resistant to the harsh conditions prevailing in 
this biological fluid (Pieters et al., 2015) and to dif-
ferent chemical and physical conditions (Izumi et al., 
2012). They resist simulated digestion (Benmoussa et 
al., 2016; Rani et al., 2017), can possibly be transferred 
to human cells, and are either functional in those cells 
or transduced through human cell layers (Benmoussa 
and Provost, 2019). Such a transfer of miRNA may have 
resulted in an increase in the plasma concentration of 
specific miRNAs in human subjects who had consumed 
milk (Baier et al., 2014; Zempleni et al., 2017).

The surprising stability of milk miRNAs under condi-
tions deleterious to nucleic acids is mostly due to their 
encapsulation within different extracellular vesicles 
(EV; van Herwijnen et al., 2016; Benmoussa et al., 
2017; Wang, 2017; Benmoussa et al., 2019). These vesi-
cles are membraneous nanospheres between 30 nm and 
1 µm is diameter. They are produced either by budding 
from the plasma membrane, in which case they are usu-
ally termed ectosomes or microvesicles (Colombo et al., 
2014), or released upon invagination of multivesicular 
bodies and fusion of the multivesicular bodies with the 
plasma membrane; such EV are denominated exosomes 
(van Niel et al., 2018).

Known as key mediators of complex intercellular 
information exchanges independently of their origin or 
biogenesis pathway (Maas et al., 2017), EV can protect, 
transport in biological fluids, and deliver a usually la-
bile cargo, including RNA, proteins, lipids, and sugars 
(Maas et al., 2017; Pathan et al., 2019). In milk, EV 
originate mainly from the mammary gland epithelial 
cells and other mammary gland cells, including immune 
cells (Reinhardt et al., 2012; Alsaweed et al., 2015; van 
Herwijnen et al., 2016; Benmoussa et al., 2019). Recent 
evidence supports the biological activity of cow milk EV 
in modulating immunity-related disease (Benmoussa 
and Provost, 2019) and possibly the methylation status 
of human cells through miRNA transfer (Melnik and 
Schmitz, 2017b).

The canonical focus on the EV subset termed exo-
somes has recently come into question, with the report 
of multiple miRNA-enriched EV subsets in commercial 
cow milk and other fluids (Benmoussa et al., 2017). The 
peculiar enrichment of cow milk in these understudied, 
usually discarded EV subsets suggests an underestima-

tion of the bioactivity of milk EV. Moreover, so far, 
most of the studies currently available have focused on 
raw milk, rather than on commercial pasteurized milk 
intended for human consumption.

Here, we have (1) unveiled the relatively complex 
miRNA profile of unfractionated commercial pas-
teurized cow milk and derived EV subsets via small 
RNA sequencing (sRNA-Seq), (2) documented the 
enrichment of human cultured cells in miR-223 upon 
coincubation with usually discarded milk EV, and (3) 
observed a decreased expression of a reporter gene 
placed under the control of miR-223, which attested to 
the functionality of miR-223.

MATERIALS AND METHODS

Dairy Milk Samples

We used commercial skimmed filtered dairy milk 
(PurFiltre, Lactantia, Toronto, Canada; http: / / www 
.lactantia .ca/ foodproduct/ lactantia -purfiltre -skim 
-milk/ ) bought at a local grocery store in Quebec City, 
Canada. Three cartons of milk with different expiration 
dates were mixed into 1 milk solution for isolating EV.

Sedimentation of Dairy Milk EV by Differential 
Ultracentrifugation

Milk EV were obtained by following a previously de-
scribed protocol, with slight modifications, that allows 
quick isolation of milk EV with very few contaminat-
ing proteins (Benmoussa et al., 2016, 2017, 2019). We 
mixed 200 mL of dairy milk with 1 volume of 2% so-
dium citrate in water that had been filtered with 0.22-
µm membrane microfilters (Corning, Corning, NY). 
The samples were subjected to successive differential 
ultracentrifugation steps at 12,000 × g (12K) for 2 h, 
35,000 × g (35K) for 2 h, then 70,000 × g (70K) and 
100,000 × g (100K) for 1 h each at 4°C in a Sorvall 
WX TL-100 ultracentrifuge, equipped with a SureSpin 
630 Rotor (Sorvall, through Thermo Fisher Scientific, 
Waltham, MA). After each step, pellets were suspended 
in 1 mL of 0.22-µm filtered sterile PBS, pH 7.4, before 
RNA isolation.

RNA Isolation and Sequencing

RNA Isolation. Total RNA from milk or milk 
pellets was isolated using Trizol LS (Thermo Fisher 
Scientific) following the manufacturer’s recommenda-
tions. Total RNA was then resuspended in diethyl-
pyrocarbonate (DEPC)-treated, nuclease-free water 
(Invitrogen, Carlsbad, CA) before RNA purification 
and on-column DNase treatment using RNeasy mini-
kit (Qiagen, Hilden, Germany), according to the manu-
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facturer’s protocol. Total RNA was shipped on dry ice 
to the ArrayStar sequencing platform (Rockville, MD).

Library Preparation. The purity, quality, and con-
centration of total RNA samples were determined with 
NanoDrop ND-1000 (Thermo Fisher Scientific) and 
2100 Bioanalyzer (Agilent, Santa Clara, CA). Total 
RNA of each sample was used to prepare the miRNA 
sequencing library, which included the following steps: 
(1) 3′-adapter ligation, (2) 5′-adapter ligation, (3) cDNA 
synthesis, (4) PCR amplification, and (5) size selection 
of approximately 130 to 150 bp of PCR-amplified frag-
ments (corresponding to approximately 15 to 35 nt of 
small RNA). The complete libraries were quantified by 
Agilent 2100 Bioanalyser.

sRNA-Seq. The samples were diluted to a final con-
centration of 8 pM and denatured as single-stranded 
DNA. Cluster generation was performed on the Illu-
mina cBot using TruSeq Rapid SR cluster kit (#GD-
402–4001, Illumina, San Diego, CA). Afterward, the 
clusters were sequenced for 51 cycles on Illumina HiSeq 
2000, using TruSeq Rapid SBS Kits (#FC-402–4002, 
Illumina), as per the manufacturer’s instructions.

Bioinformatics Analysis. The clean reads that 
passed the quality filter were processed to remove the 
adaptor sequence as the trimmed reads. All analyses 
displayed here were provided through the ArrayStar 
standard analysis pipeline and refined using R (R 
Foundation for Statistical Computing, Vienna, Aus-
tria). Small RNA biotypes were determined by map-
ping trimmed reads against bovine noncoding RNA 
database (Bos_taurus.UMD3.1.ncrna, bovinegenome.
org; Elsik et al., 2016) using Blastn tool (National Li-
brary of Medicine, National Center for Biotechnology 
Information, https: / / blast .ncbi .nlm .nih .gov/ Blast .cgi). 
For miRNA and isomiR analysis, trimmed reads were 
aligned to miRBase pre-microRNAs database (miRbase 
release 22.1, http: / / www .mirbase .org/ ). MicroRNA 
read counts were normalized as read counts per million 
(RPM) miRNA alignments. Sequences known to be 
contaminant confounders from RNA isolation proce-
dures were discarded (Heintz-Buschart et al., 2018).

Cell Experiments

Cell Culture. Human HeLa cells (ATCC, Manassas, 
VA) were cultured in Dulbecco’s modified Eagle’s me-
dium (Wisent, St-Bruno, Canada) supplemented with 
exosome-free fetal bovine serum (System BioSciences, 
Palo Alto, CA) and maintained at 37°C under 5% CO2.

Dual Luciferase Reporter Gene Constructs 
and Activity Assays. Reporter gene activity assays 
were performed as previously described (Pépin et al., 
2012; Plé et al., 2012; Laffont et al., 2013). A bta-
miR-223 reporter construct was created by inserting a 

sequence complementary to bta-miR-223 downstream 
of the open reading frame encoding for the Rluc re-
porter gene, in the XhoI/NotI restriction sites of psi-
CHECK-2 vector (Promega, Madison, WI), in which 
2 luciferase genes (Firefly and Renilla), driven by 
separate promoters, are expressed. The constructs were 
verified by DNA sequencing. The psiCHECK-2 vector 
(Promega) expressed Firefly luciferase (Fluc) gene is an 
internal control.

Co-Incubation with Milk EV. For all experiments, 
1.5 × 105 cells were seeded in sterile 6-well plates. For 
co-incubation of the cells with milk EV, the medium 
was changed to milk EV–enriched medium 8 h after 
seeding and left for 48 h. For dual luciferase assays, 
after overnight attaching, cells were transfected with 
the reporter gene construct using Lipofectamine 2000 
(Thermo Fisher), following the manufacturer’s instruc-
tions. Six hours later, the culture medium was changed 
to milk EV–enriched medium, which was left for 48 h.

Molecular Biology Analysis in Cell Experiments

RNA Isolation. Cells were suspended in 1 mL of 
TRIzol Reagent, and RNA was isolated according to 
the manufacturer’s instructions, followed by DNase I 
digestion (Invitrogen).

RT-qPCR. One microgram of total RNA was used for 
reverse transcription (RT) using the MiScript II RT kit 
(Qiagen). After diluting the cDNA (1 to 10), RT-qPCR 
was performed using specific primers (MiScript Primer 
Assay, Qiagen) and the SsoAdvanced SYBR Green Su-
permix (Bio-Rad, Hercules, CA) in 96-well MicroAmp 
plates (Applied Biosystems through Thermo Fisher Sci-
entific). MicroRNA expression was normalized using the 
∆∆Cq method (Bustin et al., 2009) and small nucleolar 
RNA RNU6 as a housekeeping gene (Schwarzenbach et 
al., 2015), based on MIQE guidelines (Supplemental File 
S1; https: / / doi .org/ 10 .3168/ jds .2019 -16880).

Dual Luciferase Assay. Renilla luciferase (Rluc) 
and Fluc activities were measured after washing the 
cells twice with 0.22-µm filtered sterile PBS and cells 
lysis with Dual Glo luciferase reagents (Promega), fol-
lowing the manufacturer’s instructions. Light emission 
was measured using a luminometer (Dynex Technolo-
gies, Chantilly, VA).

Statistical Analysis

All statistical analyses were performed using Prism 
7 (GraphPad Software Inc., La Jolla, CA). In vitro 
experiments were performed in biological replicates (n 
= 3) with type error α set to 0.05 (5%) and with a 
P-value below 0.05 considered as significant. Statistical 
significance was determined by one-way ANOVA with 
Tukey’s post-hoc correction for multiple comparisons.
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Illustrations

Figures were generated using R (R Foundation for 
Statistical Computing), Inkscape software (inkscape.
org), and Prism 7 (GraphPad Software Inc.).

RESULTS

Commercial Cow Milk Contains Different Small RNA, 
Including Numerous MiRNAs

Analysis of commercial cow milk via sRNA-Seq re-
vealed that the majority (67.1%) of small RNA were 
between 20 and 24 nt in length (Figure 1A). We also 
observed that most of the defined small RNA found in 
commercial cow milk were miRNAs, which represented 
more than 3 × 105 RPM (Figure 1B). However, most 
of the clean read sequences were undefined small RNA 
(Figure 1B). The minimum detection threshold (i.e., 
the lowest RPM to detect the least expressed miRNA 
in these data sets) was around 0.03 RPM (Figure 
1C). Fourteen miRNAs represented more that 80% 
of all reads (Figure 1C and D), with bta-let-7a being 
the most abundant (15.1% of all miRNAs), followed 
by bta-miR-21 and bta-miR-30a (approximately 12% 
each; Figure 1D).

We compared the small RNA data set of our com-
mercial cow milk with previously published sequencing 
data on raw and pasteurized wheys (Li et al., 2016), 
raw milks (Chen et al., 2010; Sun et al., 2015), and 
primary mammary epithelial cells (pMEC-HH and 
pMEC-LL; Shen et al., 2016). MicroRNA profiles of 
our commercial cow milk were closer to those of the 
raw milks than to pMEC-LL or pMEC-HH, and even 
less related to raw or pasteurized whey, suggesting 
that milk whey contains only a specific subset of milk 
miRNAs (Supplemental Figure S1; https: / / doi .org/ 10 
.3168/ jds .2019 -16880).

Interestingly, the 5 most related samples (raw milks, 
commercial milk, and pMEC cells) had 94 miRNAs 
in common, suggesting that the miRNAs contained in 
milk derive from mammary gland epithelial cells (Fig-
ure 1E). Only 25 and 56 miRNAs were found in either 
of the raw milks, with 5 shared miRNAs, suggesting 
that certain miRNAs may be lost during processing or 
may differ between cows (Figure 1E). Only 50 miRNAs 
were found in the commercial cow milk, likely because 
it is a pool from multiple cows (Figure 1E). Thirty-four 
miRNAs were found only in milks and not in pMEC 
cells, suggesting the existence in milk of miRNAs that 
are not derived from mammary gland epithelial cells 
(Figure 1E). The pMEC cells shared 37 specific miR-
NAs that were not found in any milk samples (Figure 
1E), which supports a selective secretion of some miR-
NAs in milk. The entire data set and comparison are 

available as Supplemental File S2 (https: / / doi .org/ 10 
.3168/ jds .2019 -16880).

All together, these results suggest that commercial 
cow milk contains numerous small RNA, among which 
miRNAs compose most of the sequences. Very few miR-
NAs monopolized most of the reads, with 5 miRNAs 
comprising 50% of all sequences. Finally, comparison 
with other sequencings from the literature suggest that 
milk is a complex fluid, enriched in different miRNAs 
that might not all survive processing, and which could 
be specifically secreted by mammary gland epithelial 
cells and other cell types.

Milk EV Subsets Separated by Differential 
Ultracentrifugation Have Different  
Small RNA Contents

We have previously reported that commercial cow 
milk contains multiple EV subsets that can be sepa-
rated using differential ultracentrifugation (Benmoussa 
et al., 2017, 2019), and that these have different protein 
contents (Benmoussa et al., 2019). We thus aimed to 
investigate the miRNA content of non-fractioned com-
mercial cow milk as well as that of milk fractioned into 
4 pellets (centrifuged at 12,000 × g, P12K; 35,000 × g, 
P35K; 70,000 × g, P70K; and 100,000 × g, P100K), 
using our previously reported methodology (Benmoussa 
et al., 2017, 2019). These different milk EV subsets 
were analyzed via sRNA-Seq.

The small RNA profile of all samples were enriched 
in sequences around 22 nt, a length that usually cor-
responds to miRNA (Figure 2A). This was particularly 
the case for the P70K and P100K samples (Figure 2A), 
whereas P12K and P35K had secondary peaks around 
18 and 27 nt, suggesting a more heterogeneous popula-
tion of small RNA (Figure 2A).

When looking at small RNA biotypes in each pellet, 
we found a specific enrichment of miRNAs in P70K 
and P100K (47 to 67% of all sequences), whereas only 
24 and 30% of all sequences were miRNAs in the P12K 
and P35K samples, respectively (Figure 2B). Most un-
defined sequences were associated with P12K and P35K 
samples. Other small RNA biotypes were found in all 
samples, with misc-RNA and snoRNA being highly en-
riched in P12K and P35K, and rRNA fragments being 
higher in P100K (Figure 2B). Very few non-miRNA 
sequences were present in P70K (Figure 2B).

These data revealed high similarity between P12K 
and P35K samples, whereas P70K and P100K repre-
sented distinct populations with specific small RNA 
profiles. Because small RNA in milk pellets are con-
tained within and protected by EV (Benmoussa et al., 
2017), these results also suggest the specific enrichment 
of certain small RNA biotypes in certain EV subsets.
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Figure 1. Small RNA and microRNA (miRNA) profile of commercial cow milk. Total RNA from 100 mL of cow milk was isolated with Trizol 
LS (Thermo Fisher Scientific, Waltham, MA) and subjected to small RNA sequencing (n = 3 independent experiments). (A) Size distribution 
of the small RNA, expressed as reads per million (RPM). (B) Small RNA biotype abundance (RPM). The data are displayed as average ± SD. 
(C) Number of different miRNAs detected in milk, expressed as RPM, defining average detection threshold. (D) Most abundant miRNAs in 
commercial cow milk (percent of total). (E) Venn diagram comparing commercial pasteurized cow milk miRNA profile (n = 3) with 2 previously 
published database of raw milks (raw-milk-1, Sun et al., 2015; raw-milk-2, Chen et al., 2010) and primary mammary gland epithelial cell miRNA 
(pMEC-HH and pMEC-LL; Shen et al., 2016).
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Figure 2. Small RNA profiles of milk EV subsets. One hundred milliliters of commercial cow milks were fractionated into 4 pellets via 
sequential ultracentrifugation at 12,000 × g (P12K), 35,000 × g (P35K), 70,000 × g (P70K), and 100,000 × g (P100K; n = 3 independent ex-
periments). The 3 pellets obtained from each ultracentrifugation speed were pooled to obtain 4 biological pools; total RNA from 1 mL of each 
pool was isolated with Trizol LS (Thermo Fisher Scientific, Waltham, MA) and subjected to small RNA sequencing. (A) Length distribution 
(in nucleotides, nt) of the small RNA in each pellet, in reads per million (RPM). (B) Small RNA biotype abundance (RPM) in each pellet. (C) 
Number of different microRNAs detected in milk pellets (RPM), defining average detection threshold.
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Different EV Subsets Contain Different MiRNAs

A few miRNAs (14 to 16) monopolized most of the 
reads in the samples of non-fractioned milk (Figures 
2C and 3C). Regarding the fractionated milk samples, 
around 230 different miRNAs were detected in the P12K 
and P35K pellets, whereas approximately 270 miRNAs 
were present in P70K and P100K (Figure 2C). The 4 
pellets shared 200 miRNAs, suggesting their common 
origin (Figure 3A). Fourteen miRNAs were specific to 
the P12K and P35K pellets (Figure 3A); up to 16 were 
specific to P70K and 22 to P100K (Figure 3A). These 
last 2 pellets have 24 miRNAs in common that were not 
shared with P12K or P35K (Figure 3A). On the other 
hand, P13K and P35K shared 6 miRNAs that were not 
found in the P70K or P100K pellets (Figure 3A). Along 
with the clustering of the 4 pellets based on miRNA 
content (Figure 3B), these results confirmed the close 
relationship between P12K and P35K and the distinct 
populations represented by P70K and P100K.

This is further validated when looking at the most 
enriched miRNAs for each pellet: 4 miRNAs (bta-let7a, 
bta-miR-30a, bta-miR-21, and bta-let7b) represented 
up to 50% of all miRNA sequences in the P12K and 
P35K data sets, with a comparable distribution be-
tween the 2 pellets (Figure 3C). Of the remaining 
reads, 25% were monopolized by 10 miRNAs (Figure 
3C). By contrast, the miRNA profile of P70K was very 
different, with bta-let7a the most abundant miRNA, 
representing, along with 9 others, 50% of the sequences 
(Figure 3C). For P100K, only 2 miRNAs monopolized 
50% of the sequences, with bta-miR-10b corresponding 
to more than 45% of them (Figure 3C).

These results extend previous conclusions to the 
entire small RNA transcriptome and support the ex-
istence of at least 3 EV subsets in milk (P12K and 
P35K, P70K, and P100K), which sediment at different 
speeds and contain different miRNAs. Moreover, and 
despite the diverse array of miRNAs found in milk pel-
lets, a discrete number of miRNAs represented most 
of the sequences. This is in accordance with previous 
observations on non-fractioned milk (Figure 1), which 
provides further evidence of the specific secretion of 
certain miRNAs in milk.

Different EV Subsets Contain Different IsomiRs

In all biological samples, each miRNA exists in vari-
ous isomeric forms, termed isomiRs. These sequences 
differ slightly from their related reference miRNA se-
quences by shifts, additions, or deletions at their 3′ or 
5′ ends, or by mutations in their sequences (Gebert 
and MacRae, 2019). Thus we also investigated isomiR 
enrichment and distribution among the ultracentrifuga-
tion pellets.

In P12K and P35K, most miRNAs (approximately 
75%) were found in their isomeric form; their refer-
ence miRNA sequences represented only approximately 
15% of all miRNAs (Figure 4A). On the other hand, 
P70K and P100K had higher levels of reference miR-
NAs, which reached up to 55% in P100K, suggesting a 
specific loading of reference miRNAs in EV of P100K 
(Figure 4A).

The vast majority (80 to 90%) of the miRNA isoforms 
observed in all pellet were isoforms with no mismatch 
(mutation; Figure 4B). Interestingly, across all pellets, 
164 miRNAs were only found as isomiR, with no occur-
rence of the reference sequence among our sRNA-Seq 
data (data not shown).

We calculated the ratio of the reference miRNAs 
to all the sequences for all miRNAs, with the aim of 
investigating any specific reference miRNAs or isomiR 
enrichment in the pellets (Figure 4C). Again, clustering 
analysis confirmed that P12K and P35K were highly re-
lated to each other, but P70K and P100K were distinct 
when considering isomiR, increasing the complexity of 
the EV and miRNA content of commercial cow milk 
(Figure 4C). These data also confirmed that different 
milk EV subsets harbor a different isomiR content, pos-
sibly because these EV are generated through different 
mechanisms.

The diversity of miR-30a isomiR and that of their 
predicted mRNA targets illustrate how isomiR may 
influence gene expression in a manner different from 
their reference miRNA sequences (Supplemental Figure 
S2; https: / / doi .org/ 10 .3168/ jds .2019 -16880).

Milk EV Enrich Human Cultured HeLa Cells  
in Functional miR-223

We found a significant, greater than 3-fold enrich-
ment of HeLa cells in miR-223 upon co-incubation only 
with P12K EV (versus PBS control; P < 0.01, n = 3, 
Figure 5A). The increase in miR-223 observed upon co-
incubation of HeLa cells with P35K EV did not reach 
the significance threshold of 0.05 after 3 independent 
experiments (P = 0.058; Figure 5B).

Those EV that sediment at low centrifugation 
speed are usually neglected, often considered as con-
taminants and readily discarded. We have shown, 
here and previously (Benmoussa et al., 2016, 2017, 
2019), that P12K and P35K pellets seem to be closely 
related. Therefore, we chose to pool them (simplified 
as P35K) and further purify the EV they contain us-
ing an iodixanol density gradient (Figure 5B). Using 
the isomiR data, we designed a dual luciferase re-
porter gene assay, in which the Rluc gene was placed 
under the regulatory control of miR-223 through the 
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Figure 3. MicroRNA (miRNA) distribution in milk extracellular vesicle (EV) subsets. Cow milk samples were fractionated via differential 
ultracentrifugation [at 12,000 × g (P12K), 35,000 × g (P35K), 70,000 × g (P70K), and 100,000 × g (P100K)] and analyzed by small RNA se-
quencing (n = 3 independent experiments). (A) Venn diagram displaying the number of miRNAs shared or not shared between the 4 commercial 
pasteurized cow milk pellets. (B) Comparison of milk EV miRNA profiles and clustering of milk EV subsets. (C) Most abundant miRNAs in 
each commercial cow milk pellet (percent of total).
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Figure 4. MicroRNA isomer (isomiR) distribution in milk extracellular vesicle (EV) subsets. Commercial cow milk samples were fraction-
ated by differential ultracentrifugation [at 12,000 × g (P12K), 35,000 × g (P35K), 70,000 × g (P70K), and 100,000 × g (P100K)] and analyzed 
by small RNA sequencing (n = 3 independent experiments). IsomiR are isomeric sequences of a specific reference microRNA (miRNA). (A) 
Relative abundance of miRNA reference sequences and their related isomiR (in percent of total miRNAs) in milk EV subsets. (B) Relative 
abundance of isomiR type (1-mismatch or 0-mismatch), in percent of total isomiR for each miRNA. (C) Comparison of milk EV isomiR profiles 
and clustering of milk EV subsets.
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introduction of a perfectly complementary binding 
site in its 3′ untranslated region. The Fluc reporter 
gene is constitutively expressed and was used to nor-

malize the gene expression data. A similar construct, 
but with a mutated (scrambled) bta-miR-223 binding 
site, was used as a negative control (Figure 5C).

Benmoussa et al.: SMALL RNA-SEQ ANALYSIS OF COW MILK EV SUBSETS

Figure 5. Milk extracellular vesicles (EV) enrich human cultured HeLa cells in functional miR-223. Commercial cow milk samples were 
fractionated via differential ultracentrifugation [at 12,000 × g (P12K), 35,000 × g (P35K), 70,000 × g (P70K), and 100,000 × g (P100K)], and 
each pellet was layered on an iodixanol density gradient (IDG) to further purify the EV (n = 3 independent experiments). (A) P12K and P35K 
milk EV enrich human cultured HeLa cells in miR-223. (B) Schematic representation of the IDG purification approach to further purifying milk 
EV. (C) Schematic representation of the dual luciferase reporter gene activity assay in which Rluc (Renilla luciferase) expression is responsive to 
bta-miR-223. (D) Milk P35K EV suppressed Rluc reporter gene expression (relative to firefly luciferase) via recognition of the miR-223 binding 
site by miR-223. **P < 0.01. PC = perfectly complementary; BS = binding site; mut = mutated.
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After transfecting the dual Rluc and Fluc reporter 
construct in HeLa cells, which are virtually devoid of 
miR-223, the cells were co-incubated for 48 h with P35K 
EV mix (P12K + P35K). Reporter gene expression was 
significantly reduced by 30% by P35K EV, compared 
with PBS control (P < 0.01, n = 3; Figure 5D), sug-
gesting that P35K milk EV can mediate the enrichment 
of human cells in functional, gene regulatory miR-223. 
This gene regulatory effect was lost when the bind-
ing site to miR-223 was mutated, thereby confirming 
the specific activity of miR-223 on the reporter gene 
(Figure 5D).

These results suggest that cow milk EV sedimenting 
at 12,000 × g and 35,000 × g, and thus different from 
the more commonly studied high-density extracellular 
vesicles, or exosomes, can be internalized by human 
cells and mediate the transfer of miRNAs that are func-
tional in regulating gene expression.

DISCUSSION

In this study, we found that commercial cow milk 
contained a diverse array of small RNA and miRNAs, 
but only a small number of miRNAs monopolized most 
sequencing reads. We also found numerous unknown 
sequences. Among those are likely numerous tRNA 
fragments, which were not indexed in the databases 
available for bovine samples (Keam and Hutvagner, 
2015). Other kinds of bovine small RNA are also miss-
ing from these databases, mainly because most of the 
work on small RNA is performed on human and mouse 
samples. It would, therefore, be important to develop 
bovine small RNA databases to ensure mapping of 
these unknown sequences. Because milk can contain vi-
ruses, bacteria, and possibly bacterial outer membrane 
vesicles, it is also possible that part of these unknown 
sequences is of viral or bacterial origin (Baumgartener 
et al., 1977; Kulp and Kuehn, 2010; Pang et al., 2018). 
Integration of our data with previously published 
data sets suggested epithelial origin of milk miRNAs. 
Although informative, such an approach needs to be 
taken with care because of the differences that might 
exist between cow breeds (Wicik et al., 2016).

Usually, the most abundant miRNA in cow milk is 
bta-miR-148a (Benmoussa and Provost, 2019), whose 
possible influences on health have been thoroughly dis-
cussed previously (Melnik and Schmitz, 2017a, b). How-
ever, in the present study, bta-miR-148a was not the 
most abundant miRNA. This difference likely pertains 
to the difference in milk sources. In most previous stud-
ies, researchers used raw milk rather than commercial 
milk. Because milk processing highly affects EV and 
miRNA profiles and survivability, it is most likely that 
part of miR-148a is lost during milk processing (Izumi 

et al., 2012; Yu et al., 2017b; Benmoussa and Provost, 
2019). Another possibility, apart from geographical dif-
ferences in milk content that may also occur, is that 
most of the previous research focused solely on a small 
proportion of milk EV (i.e., the exosome subset), while 
possibly discarding the 12K and 35K fractions that 
are the most enriched in miR-148a. Also, for the latter 
fractions, we cannot exclude the possibility that ultra-
centrifugation might have led to the loss of certain EV 
containing miR-148a. Therefore, because this miRNA 
and others might affect consumers (Zempleni et al., 
2017), it is important to compare how different milks 
and milk processing techniques (pasteurization, ultra-
heat sterilization, filtering, ultrafiltration, pascaliza-
tion, and so on) and EV isolation methods (ExoQuick, 
ultracentrifugation, ultrafiltration, and the like) may 
affect the miRNA and EV profiles of milk intended for 
human consumption (Bogahawaththa et al., 2018). It 
will be important to replicate the current study with 
untreated raw cow milk to get a clearer picture of the 
physiology of milk-derived EV and miRNA.

In this study, we found that different milk EV con-
tained a different repertoire of small RNA and miR-
NAs, with numerous miRNAs in common, suggesting a 
common origin of these EV. This is supported by previ-
ous work on milk miRNAs (Li et al., 2012; Alsaweed et 
al., 2016; Shen et al., 2016; Hou et al., 2017; Ju et al., 
2018; Luoreng et al., 2018), which showed that a single 
cell type can secrete different EV subsets with different 
miRNA content (Lässer et al., 2017; Chiou et al., 2018). 
Cow milk EV subsets also contained different miRNAs 
and isomiR, the isomeric forms of miRNA, suggesting 
that different milk EV might exert different biological 
effects if milk miRNAs were transferred to recipient 
human cells. Therefore, we deem it important, for the 
milk EV research community, to expand the scope of 
their studies beyond the EV subset known as exosomes, 
especially when considering milk miRNAs, and to more 
thoroughly investigate the breadth of EV subsets pres-
ent in milk and other biological fluids. It would also be 
of interest to replicate internalization experiments with 
non-exosomal milk EV to assess whether these are in-
ternalized in the body by transcytosis, as are exosomes 
(Betker et al., 2019), or whether they are repackaged 
into chylomicrons or other extracellular vesicles or bod-
ies.

Interestingly, bta-miR-223 accumulated in human 
cells incubated with milk EV in vitro, which cor-
related with decreased activity in the dual luciferase 
reporter gene specifically designed to be targeted by 
bta-miR-223. We chose to study this miRNA, specifi-
cally, because we have previously validated its transfer 
and functionality from platelet EV to human cells us-
ing the same methodology, and because it was virtually 
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absent in the HeLa cells we worked with (impossible to 
detect the endogenous miR-223 by RT-qPCR; Laffont 
et al., 2013, 2016). The transfer of miRNA miR-223 is 
likely to modulate immunity and affect cell prolifera-
tion, considering that it is an inflammatory oncomiR 
(a cancer-associated miRNA; Taïbi et al., 2014); the 
results obtained with miR-223 are likely applicable to 
any other milk miRNAs. However, the caveats must 
be considered, that miRNA target prediction tools are 
limited (Godard and van Eyll, 2015) and do not take 
into account isomiR sequences (Cloonan et al., 2011; 
Neilsen et al., 2012; Plé et al., 2012; Tan et al., 2014; 
Yu et al., 2017a; Nejad et al., 2018), and that milk EV 
contain numerous other bioactive RNA (pre-miRNA, 
mRNA, long noncoding RNA, circular RNA, tRNA 
fragments, and others; Hata et al., 2010; Lässer et al., 
2011; Izumi et al., 2012, 2013; Shen et al., 2016; Liu et 
al., 2019). However, it is important to note that miR-
223 is not among the most abundant milk miRNAs and 
that more pronounced effects might be observed when 
focusing on more abundant milk miRNAs.

Milk EV are also loaded with bioactive proteins and 
possibly lipids (Boilard, 2018; Benmoussa et al., 2019). 
It is, therefore, most likely that miRNAs participate 
in a broader spectrum of effects that can hardly be 
attributed to a single protein or a single miRNA. The 
specific effects of milk miRNAs might be investigated 
in certain Dicer-knockout models in vitro (Kim et al., 
2016) or in vivo (McKenna et al., 2010).

Previous reports suggested that certain milk EV were 
specifically loaded with certain small RNA (Shu et al., 
2015; Alsaweed et al., 2016). In this study, we comple-
ment this view by including the diversity of EV and 
miRNA isomiR, which can have different targets and 
effects compared with the reference miRNA sequences 
(Cloonan et al., 2011; Neilsen et al., 2012; Plé et al., 
2012; Tan et al., 2014; Yu et al., 2017a; Nejad et al., 
2018). As an example of this effect, we predicted the 
target of miR-30a and its isomiR. We found that the 
miR-30a-iso4 seed region was shifted because of an 
insertion in its 5′ end, which allowed this isomiR to 
target a set of genes different than those targeted by 
the reference miR-30a sequence (Supplemental Figure 
S2; https: / / doi .org/ 10 .3168/ jds .2019 -16880). Notably, 
in our previous work, we found that a miRNA isomiR 
with such a shift in its seed region was more potent 
at regulating a given target gene than the reference 
miRNA was (Plé et al., 2012). Therefore, we cannot ex-
clude the possibility that the EV subsets present in cow 
milk, each with different miRNA and isomiR contents, 
might act in concert and differentially affect recipient 
cell gene expression in an extraordinarily complex way. 
Therefore, although it is important to delineate the 
content of each EV subset in order to understand their 

nature and origins, it might also be of importance to 
assess the effects of all the EV subsets combined, to 
fully understand the effects of milk EV on health and 
disease.

CONCLUSIONS

Designed to explore the diversity and complexity of 
commercial cow milk EV and their small RNA content, 
this study markedly enriches our knowledge of milk 
EV, miRNA, and isomiR, and brings further support 
to the concept of miRNA transfer from cow milk EV 
to human cells. The exact implications of these findings 
and their significance in broader biological processes 
require further investigations, both in vivo and in vitro, 
which may reveal the molecular and cellular mecha-
nisms underlying milk EV biology.
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