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 Background: The complex process by which lactation is initiated upon neonate delivery remains incompletely understood. 
Microvesicles (MVs) can transmit microRNAs (miRNAs) into recipient cells to influence cell function, and recent 
studies have identified miRNAs essential for mammary gland development and lactation. This study aimed to 
investigate the expression of lactation-related miRNAs in MVs isolated from human umbilical cord blood im-
mediately after delivery.

 Material/Methods: Umbilical cord blood samples were collected from 70 healthy pregnant women, and MVs were isolated through 
differential centrifugation and characterized by transmission electron microscopy, Western blotting, and nanopar-
ticle tracking analysis. Lactation-related miRNAs were screened using bioinformatics tools for miRNA target 
prediction, gene ontology, and signaling pathway analyses. miRNA PCR arrays were used for miRNA expres-
sion analysis, and the results were validated by real-time PCR. Upon exposure of HBL-100 human mammary 
epithelial cells to MVs, MV uptake was examined by fluorescence confocal microscopy and b-casein secretion 
was detected by ELISA.

 Results: Spherical MVs extracted from umbilical cord blood expressed CD63 and had an average diameter of 167.0±77.1 nm. 
We profiled 337 miRNAs in human umbilical cord blood MVs and found that 85 were related to lactation by 
bioinformatics analysis. The 25 most differentially expressed lactation-related miRNAs were validated by real-
time PCR. MV uptake by HBL-100 cells was after 4 h in culture, and significantly increased secretion of b-ca-
sein was observed after 96 h from cells exposed to MVs (P<0.05).

 Conclusions: Umbilical cord blood MVs contain many lactation-related miRNAs and can induce b-casein production by HBL-
100 cells in vitro. Thus, umbilical cord blood MVs may mediate secretion of b-casein through miRNAs, thereby 
playing an important role in fetal-maternal crosstalk.
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Background

Microvesicles (MVs), also known as shedding vesicles, are 
nanovesicles (100–1000 nm in diameter) that contain miRNAs, 
mRNA, and proteins [1]. miRNAs, which are short (20–22 nu-
cleotides in length), non-coding RNAs that control the trans-
lation of proteins from many genes, can be delivered via MVs 
into recipient cells, where they regulate target gene expres-
sion and cell function [2]. Mincheva et al. found that placen-
ta-derived microvesicles function as immune regulators in fe-
tal-maternal crosstalk, improving maternal adaptation to the 
ongoing pregnancy and promoting fetal allograft survival [3]. 
It has been demonstrated that circulating syncytiotrophoblast 
MVs from umbilical cord blood can support normal pregnancy 
by binding to monocytes and B cells and inducing the release 
of specific cytokines (e.g., tumor necrosis factor alpha [TNF-a] 
and interleukin 1 alpha [IL-1a]) [4]. Using pathway analysis, 
a recent study revealed that umbilical cord blood exosomes 
collected from pregnant sheep contain miRNAs targeting cel-
lular and organismal development [5]. These early studies in-
dicated that miRNAs in umbilical cord blood plays key roles in 
the regulation of pregnancy-related processes.

The complex initiation of lactation has been studied extensive-
ly at the genetic, physiological, and morphological levels due 
to its importance to the health of the neonate. Several miR-
NAs have been shown to be indispensable for mammary de-
velopment and lactation [6]. Ucar et al. showed that miR-212 
and miR-132 are essential for mouse mammary gland devel-
opment, particularly for the regulation of epithelial duct out-
growth [7]. Li et al. showed that miR-15a regulates growth 
hormone receptor expression, influences mammary epitheli-
al cell viability, and alters the secretion of b-casein [8]. Thus, 
multiple miRNAs are known to be involved in the regulation 
of milk protein synthesis and the development of mammary 
glands in cows and other mammals [9]. However, little is known 
about the miRNAs in MVs that may be involved in the regula-
tion of milk protein synthesis in humans. In the present study, 
we investigated whether umbilical cord blood MVs contained 
miRNAs that could regulate lactation. We isolated MVs from 
human umbilical cord blood samples, identified lactation-re-
lated miRNAs within these MVs, and considered the potential 
roles of the miRNAs in inducing the secretion of milk proteins.

Material and Methods

Sample collection and MV isolation

Umbilical cord blood samples (100 ml) were collected by mid-
wives from 70 healthy pregnant women (age 29.26±3.61 
years, body mass index 23.63±1.89 kg/m2, gestational age 
38.51±1.67 weeks) into umbilical cord blood collection bags. 

Fresh umbilical cord blood samples were processed within 6 h 
and briefly mixed with an equal volume of phosphate-buffered 
saline (PBS, pH 7.4). All donors delivered in the Department of 
Obstetrics and Gynaecology of the First Affiliated Hospital of 
Chongqing Medical University, Chongqing, People’s Republic 
of China, between February 2015 and October 2015. The study 
was approved by the Ethics Review Committee on Human 
Research of the Chongqing Medical University (Reference 
Number: 2015004), and informed consent was obtained from 
all donors. MVs were isolated from the umbilical cord blood 
by continuous differential centrifugation, as previously de-
scribed [10,11]. The cells and debris were removed by centrif-
ugation at 80×g for 20 min, 2000×g for 15 min, and 5000×g 
for 15 min, sequentially. Then the MVs were pelleted by fur-
ther centrifugation at 12 000×g for 30 min at 4°C. The result-
ing precipitant was collected, suspended in 1 ml PBS, and then 
centrifuged at 12 000×g for 70 min.

Transmission electron microscopy and Western blot 
analysis

MVs isolated from the umbilical cord blood were suspended in 
PBS containing 0.1% bovine serum albumin (BSA). The resus-
pended MVs were fixed in 1% glutaraldehyde at 4°C overnight 
and stained with 1% uranyl acetate for 10 min. Excess fluid 
was removed with a piece of Whatman filter paper. All trans-
mission electron micrographs were obtained using an H7500 
transmission electron microscope (Hitachi, Japan) at 120 kV. 
Extracted total proteins were incubated with cold radioimmu-
noprecipitation (RIPA) lysis buffer and separated by 12% so-
dium dodecyl sulfate polyacrylamide gel electrophoresis. The 
proteins were transferred to 0.22-μm polyvinylidene difluoride 
(PVDF) membranes (Bio-Rad) and reacted with anti-CD63 (1: 
1000, Cat #ab59479, Abcam) and anti-cytochrome c (1;1000, 
Cat #ab50050, Abcam) primary antibodies at 4°C overnight. 
After washing with Tris-buffered saline containing Tween 20 
(TBST), the membranes were incubated with peroxidase-con-
jugated secondary antibodies (1: 1000, 0.01M PBST). Protein 
expression was normalized to b-actin expression. Antibodies 
bound on the membrane were detected using an enhanced 
chemiluminescence detection system (Millipore) according to 
the manufacturer’s instructions.

Nanoparticle tracking analysis

The nanoparticle tracking analysis of the MVs was performed 
using a NanoSight NS300 instrument (Malvern instruments Ltd., 
UK) calibrated with 100-nm polystyrene beads (Polysciences, 
Warrington, PA). Particle suspensions were diluted in PBS to 
a concentration of 1–8×108 particles/ml for the nanoparticle 
tracking analysis. The Stokes-Einstein equation was employed 
to determine the size distribution and number of particles (con-
centration) within the sample.
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Bioinformatics analysis

The miRNA expression profile was obtained by literature mining 
and database searching. We used BLAST + 2.2.31 to compare se-
quences of miRNAs found to be expressed during the lactation 
period of other mammals with human sequences listed in the 
miRbase database. The 11 miRNA target genes included DIANA-
microT, MicroInspector, miRanda, MirTarget2, miTarget, NBmiRTar, 
PicTar, PITA, RNA22, RNAhybrid, and TargetScan/TargertScanS. 
These were used to predict the expression of human homolog 
miRNA target genes. A gene was considered the corresponding 
miRNA target gene if it was predicted as a target gene by 5 or 
more tools. ClueGO determines the distribution of genes on the 
target gene list across the gene ontology (GO) terms and path-
ways. We analyzed all of the differentially expressed genes us-
ing GO and KEGG pathway analyses. The map of interactions 
among these target genes was constructed using Cytoscape 3.2.1.

Polymerase chain reaction (PCR) array

The miRNA expression profile in umbilical cord blood MVs 
was detected by a 384-well miRNA qPCR array. Quantitative 
real-time PCR reactions were performed on the ViiA™ 7 high-
throughput real-time PCR system (Thermo Fisher Scientific).

The 25 most differentially expressed miRNAs were further val-
idated by real-time PCR. The total RNA was isolated using a 
total RNA extraction kit (Quanto Bio, cat #0960601). TaqMan-
based quantitative PCR was performed using the 7900HT fast 
real-time PCR system (Applied Biosystems). EC4 and EC5 were 
used as the external control for miRNA in the real-time qPCR 
analyses. The gene expression amount was calculated as a 
cycle threshold (CT value). The real-time reverse transcription 
PCR primers used are listed in Table 1.

Cell culture

HBL-100 cells were a kind gift from Dr. Tingxiu Xiang (Laboratory 
of Molecular Oncology and Epigenetics, The First Affiliated 
Hospital of Chongqing Medical University, Chongqing, China). 
The cells were routinely maintained in Dulbecco’s Modified 
Eagle’s Medium (DMEM; Gibco) plus 10% fetal bovine serum 
(FBS; Hyclone), 50 U/ml penicillin (Gibco), 50 mg/ml strepto-
mycin (Gibco), and a lactogenic hormone mix of 5 mg/ml insu-
lin (Pepro Tech), 10 ng/ml epidermal growth factor (EGF; Pepro 
Tech), 1 mM dexamethasone (Aladdin), and 5 mg/ml prolac-
tin (Sigma-Aldrich). The MVs were added directly to HBL-100 
cells cultured in a 12-well plate or chamber slide.

Enzyme-linked immunosorbent assay (ELISA)

Mammary epithelial cells (1×105 cells/well) were incubated in 
450 µl culture medium per well in a 12-well plate for 1 day at 

37°C in a 5% CO2 incubator. Aliquots of MVs (30 µl) were col-
lected and incubated with mammary epithelial cells. The cul-
ture supernatant was collected after 24, 48, 72, and 96 h. All 
experiments were performed in triplicate. The secretion of b-
casein was confirmed using a human CSN2 ELISA kit (Shanghai 
Hushang Biological Technology Co., Ltd., China).

MV labeling and delivery analysis

For antibody labeling, MVs were incubated with anti-CD63 at 
4°C overnight. Then, MVs were then exposed to Alexa 488-la-
beled goat anti-rabbit IgG secondary antibodies at room tem-
perature for 2 h, washed with PBS, incubated with 4,6-di-
amidino-2-phenylindole (DAPI) for nuclear staining, and then 
mounted with ProLong® Gold antifade reagent. HBL-100 cells 
exposed to MVs on coverslips were fixed in 4% paraformalde-
hyde (PFA), and immunofluorescence labeling was performed 
following a standard procedure. Images were obtained using 
a confocal laser scanning microscope (Nikon Microsystems). 
Digital images were recorded and analyzed using NIS 4.2 Viewer 
and Image Pro Plus software.

Primer Sequence

Down-regulated 
miRNA
miR-181d
miR-107
let-7c
miR-10a
miR-100
miR-199a-3p
miR-221
miR-146b
miR-199b-5p
miR-26a
miR-181c
miR-23a
miR-27a

(F)5’-AACAUUCAUUGUUGUCGGUGGGU-3’
(F)5’-AGCAGCAUUGUACAGGGCUAUCA-3’
(F)5’-UGAGGUAGUAGGUUGUAUGGUU-3’
(F)5’-UACCCUGUAGAUCCGAAUUUGUG-3’
(F)5’-AACCCGUAGAUCCGAACUUGUG-3’
(F)5’-ACAGUAGUCUGCACAUUGGUUA-3’
(F)5’-AGCUACAUUGUCUGCUGGGUUUC-3’
(F)5’-UGAGAACUGAAUUCCAUAGGCU-3’
(F)5’-CCCAGUGUUUAGACUAUCUGUUC-3’
(F)5’-UUCAAGUAAUCCAGGAUAGGCU-3’
(F)5’-AACAUUCAACCUGUCGGUGAGU-3’
(F)5’-AUCACAUUGCCAGGGAUUUCC-3’
(F)5’-UUCACAGUGGCUAAGUUCCGC-3’

Up-regulated 
miRNA
miR-181a
miR-106a
miR-200c
miR-20a
miR-181b
miR-29b
miR-103
miR-10a
miR-145-5p
miR-155
miR-142-3p
miR-18a

(F)5’-AACAUUCAACGCUGUCGGUGAGU-3’
(F)5’-AAAAGUGCUUACAGUGCAGGUAG-3’
(F)5’-UAAUACUGCCGGGUAAUGAUGGA-3’
(F)5’-ACUGCAUUAUGAGCACUUAAAG-3’
(F)5’-AACAUUCAUUGCUGUCGGUGGGU-3’
(F)5’-UAGCACCAUUUGAAAUCAGUGUU-3’
(F)5’-AGCAGCAUUGUACAGGGCUAUGA-3’
(F)5’-UACCCUGUAGAUCCGAAUUUGUG-3’
(F)5’-GUCCAGUUUUCCCAGGAAUCCCU-3’
(F)5’-UUAAUGCUAAUCGUGAUAGGGGU-3’
(F)5’-UGUAGUGUUUCCUACUUUAUGGA-3’
(F)5’-UAAGGUGCAUCUAGUGCAGAUAG-3’

Table 1. Primers used in real-time PCR.
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Statistical analysis

In the bioinformatics analysis, the P-value was calculated us-
ing right-sided hypergeometric tests. Benjamini step-down 
adjustments were used for multiple test corrections. The re-
sults were considered significant when P<0.05. Thus, the cor-
responding GO terms and pathways were enriched in the tar-
get genes. The statistical analyses were performed with SPSS 
13.0 software. Data from at least 3 separate experiments are 
expressed as mean ± standard deviation (SD) values. Difference 
in the data were analyzed using t tests between 2 groups. A 
value of P<0.05 was considered statistically significant.

Results

MVs in umbilical cord blood

MVs were isolated from the umbilical cord blood of healthy 
pregnant women using differential centrifugation at 12 000×g. 
Transmission electron microscopy showed that the MVs were 
approximately 100–500 nm in diameter and had a round shape 
(Figure 1A). Western blot analysis showed that MVs expressed 
cytochrome C and CD63, whereas lymphocytes did not express 
CD63 (Figure 1B). The nanoparticle tracking analysis showed 

that the MVs had an average diameter of 167±77.1 nm, and 
the MV size distribution showed 3 main peaks at 114, 141, 
and 383 nm (Figure 1C).

Bioinformatics-based identification of lactation-related 
miRNAs

Our searches of the literature and databases revealed 112 miR-
NAs that were differentially expressed during lactation in mam-
mals (mice, rats, cows, goats, and sheep), and we found that 
down-regulated and up-regulated miRNAs were highly homol-
ogous among the species studied previously (Supplementary 
Tables 1, 2). BLAST analysis identified 69 miRNAs that were 
highly homologous with human miRNAs. GO and KEGG path-
way analyses suggested that these miRNAs may regulate genes 
associated with macromolecule biosynthetic processes and 
important lactation pathways, such as the MAPK, mTOR, and 
PI3K-Akt signaling pathways. Overall, we found that the fol-
lowing 18 of the 69 miRNAs were down-regulated: miR-181d-
5p, miR-574-3p, miR-107, let-7c-5p, miR-10a-5p, miR-100-5p, 
miR-199a-3p, miR-221-3p, miR-205-5p, miR-146b-5p, miR-
221-5p, miR-199b-5p, miR-203a-3p, miR-26a-5p, miR-181c-
5p, miR-134-5p, miR-23a-5p, and miR-27a-5p. The other 51 
miRNAs were up-regulated.

MV Lym

CD 63

Cytochrome C

β-actin

26 kD

12 kD

42 kD

Size (nm)

114141

388
525 750

0 100 200 300 400 500 600 700 800 900 1000

Co
nc

en
tra

tio
n 

(p
ar

tic
les

/m
l)

3

2

1

0

E7

A B

C

Figure 1.  Evidence of microvesicles (MVs) in umbilical cord blood. (A) Transmission electron microscopy image of MVs isolated from 
umbilical cord blood. (B) Western blot showing expression of surface marker CD63 on MVs, with b-actin expression as a 
control. (C) Results of nanoparticle tracking analysis of MVs. Scale bar, 0.2 µm.
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We analyzed all of the differentially expressed genes regulat-
ed by these miRNAs using ClueGO for GO and KEGG pathway 
analyses (Supplementary Tables 3, 4). In the GO analysis, the 
down-regulated miRNAs were associated with 15 biological 
processes (P<1.83E-11). As shown in Supplementary Table 3A, 
the 5 most significantly enriched biological processes were: 
positive regulation of macromolecule metabolism, positive 
regulation of cellular metabolism, nervous system develop-
ment, positive regulation of macromolecule biosynthesis, and 
positive regulation of cellular biosynthesis. In the KEGG anal-
ysis, as shown in Supplementary Table 4A, the down-regulat-
ed miRNAs were mainly associated with the following path-
ways: dorso-ventral axis formation, MAPK signaling pathway, 
miRNAs in cancer, and the mechanistic target of rapamycin 
(mTOR) signaling pathway.

As shown in Supplementary Table 3B, the 5 most significantly 
enriched biological processes associated with the up-regulat-
ed miRNAs were: multicellular organismal development, reg-
ulation of macromolecule metabolism, negative regulation of 
biological processes, positive regulation of macromolecule me-
tabolism, and regulation of metabolism. These biological pro-
cesses, while not unexpected, are all closely connected with 
macromolecule biosynthesis and metabolism. As shown in 
Supplementary Table 4B, the up-regulated miRNAs were main-
ly involved in the following pathways: thyroid hormone sig-
naling, miRNAs in cancer, MAPK signaling, and PI3K-Akt sig-
naling. Interestingly, the significantly enriched pathways were 

associated with milk protein synthesis, which indicates that 
miRNA signaling may be an important molecular event dur-
ing lactation.

Validation of miRNA expression in MVs

We identified 337 miRNAs in umbilical cord blood MVs using a 
384-miRNA qPCR array (Supplementary Table 5). As shown in 
Figure 2A, 55 miRNAs in the MVs were lactation-related, and 
these represented 79.71% of the total lactation-related miR-
NAs (55/69). Another 30 miRNAs in MVs were lactation-related 
miRNAs with -3p/-5p or * forms, and they had the same func-
tion. Finally, 85 lactation-related miRNAs in MVs were found 
and accounted for 25.22% of all miRNAs of the MVs (85/337). 
The 25 most differentially expressed lactation-related miR-
NAs according to the bioinformatics analysis were selected for 
further validation. As shown in Figure 2B, real-time PCR was 
then performed to assess the miRNA expression in 9 samples, 
and the averages of the Ct values were between 15 and 35.

Interaction between HBL-100 mammary epithelial cells 
and MVs and consequent changes in b-casein secretion

To evaluate the interaction between MVs and cultured HBL-
100 cells, MVs were labeled with fluorescein isothiocyanate 
(FITC) and incubated with HBL-100 cells prior to observation 
by confocal microscopy. The nuclei of HBL-100 cells were la-
beled with DAPI. Confocal microscopy images of the treated 
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shared and specific miRNAs. (B) Real-
time PCR results for miRNAs in MVs. 
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controls for qPCR.
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MVs revealed green spots around cells (Figure 3A, upper pan-
el), whereas after 4 h, MVs were found inside the HBL-100 
cells (Figure 3A, lower panel).

Aliquots of MVs (30 µl) were collected and incubated with 
human mammary epithelial cells. After 24, 48, 72, and 96 h, 
b-casein production had increased. Specifically, at 96 h, the 
concentration of b-casein in the supernatant was significant-
ly greater at 16 ng/ml compared to that in the control group 
(7.5 ng/ml; P<0.05, Figure 3B). These results suggest that b-
casein secretion was increased after the addition of MVs from 
umbilical cord blood.

Discussion

MVs are shed from the plasma membrane into the extracel-
lular environment to facilitate communication between cells. 
Despite their small size (100–1000 nm), MVs are enriched in 
bioactive molecules and contain nucleic acids and/or proteins. 
MVs are known to play roles in growth, differentiation, and 
cancer progression. Valadi et al. first demonstrated that MVs 
contain both mRNA and miRNA [12]. Later research showed 
that MVs have pleiotropic effects on both fetal and mater-
nal environments through the transmission of miRNA or/and 
proteins during pregnancy [13–15]. For example, MVs from 
uterine fluid were found to directly transfer miRNAs, such as 
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Figure 3.  MV uptake by HBL-100 mammary epithelial cells and consequent change in b-casein secretion. (A) Confocal microscopy 
images of HBL-100 cells (nuclei stained blue by DAPI) exposed to MVs labeled with rat anti-human CD63 monoclonal 
antibody as a primary antibody and rabbit anti-rat FITC as a secondary antibody (green fluorescence). Initially, the labeled 
MVs were observed as green spots around the cells (upper panel), whereas MVs were found inside the HBL-100 cells after 4 
hours (lower panel). # P<0.05: MVs+HBL-100 group vs. control group. (B) b-casein concentration in the HBL-100 supernatant 
after 24, 48, 72, and 96 hours of exposure to umbilical cord blood-derived MVs.
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miR200c, miR17, and miR106a, thereby contributing to the 
endometrial-embryo crosstalk required for embryo implanta-
tion [16]. In addition, MVs from the amniotic fluid were found 
to support fetal survival via their capture by human mono-
cytic THP-1 cells and subsequent stimulation of cytokine re-
lease and nuclear factor kappa B (NF-kB)/STAT3 activation in 
a Toll-like receptor-dependent manner [17]. Moreover, circu-
lating MVs shed by trophoblasts and isolated from plasma of 
pregnant women are able to downregulate T-cell activity, sug-
gesting a possible role for these MVs in maintaining pregnan-
cy [18]. Certainly, many questions regarding the role of MVs 
during pregnancy, and even delivery, remain to be answered. 
In the present study, we isolated MVs from umbilical cord 
blood and found that they contained an abundance of miR-
NAs, with bioinformatics analysis and real-time PCR revealing 
the presence of 337 miRNAs, 85 of which are lactation-relat-
ed miRNAs, in these MVs.

Lactation is controlled by a complex interplay of endocrine 
hormones and proteins that act together locally. The most im-
portant genes in the networks of milk protein synthesis are 
believed to be PRLR, Jak2, Stat5, mTOR, insulin, AMPK, and 
MAPK [19–21]. A recent study indicated that miRNAs play 
a key role in mammary gland development; therefore, hor-
mones and proteins are not the only factors influencing this 
process. Through extensive sequencing analyses, Li et al. ex-
plored differentially expressed miRNAs in lactating cow mam-
mary glands and identified 226 differentially expressed miR-
NAs in the lactation period versus the non-lactation period. 
They then found that 16 key lactation genes mainly associat-
ed with milk synthesis and composition regulation were main-
tained by 37 differentially expressed miRNAs in lactating cow 
mammary glands [22]. Another study reported that there are 
44 genes involved in milk protein synthesis and regulation in 
cows [23]; therefore, Li et al. connected 16 of the 44 genes to 
miRNAs. In the present study, we identified 69 miRNAs previ-
ously reported in lactating mammals that were highly homol-
ogous with human miRNAs by BLAST. Our GO and KEGG path-
way analyses linked these miRNAs to genes associated with 
macromolecule biosynthesis and important lactation pathways. 
Overall, we found that 18 genes involved in milk synthesis 
were regulated by 29 miRNAs isolated from human umbilical 
cord MVs. These findings suggest that MVs in umbilical cord 
blood play a role in the regulation of milk protein synthesis.

Previous studies have demonstrated miRNA activities related to 
lactation via specific effects in mammary gland cells. For exam-
ple, miR-101a was shown to influence mammary gland devel-
opment by regulating the expression of cyclooxygenase-2 [24], 

and miR-126-3p targeting of progesterone receptors can af-
fect the viability of mammary epithelial cells and secretion of 
b-casein [25]. Our in vitro investigation of the effects of um-
bilical cord blood MVs on HBL-100 mammary epithelial cells 
showed that uptake of MVs by HBL-100 cells occurred with-
in 4 h, and consequently, the secretion of b-casein was sig-
nificantly increased at 96 h. Thus, our in vitro experiments 
confirmed the lactation-related activity of MVs isolated from 
umbilical cord blood.

The increased production of milk protein after uptake of MVs 
could be related to the function of miRNAs independently or 
the function of miRNAs and other included components (e.g., 
protein) acting synergistically, and further studies are needed 
to determine the exact role of the miRNAs. For example, the 
specific genes associated with milk protein synthesis that are 
regulated by the miRNAs remain to be identified.

Conclusions

Our study revealed that umbilical cord blood MVs contain a 
large number of lactation-related miRNAs. Moreover, b-casein 
production was increased in HBL-100 cells treated with the cord 
blood-derived MVs. Together, our results suggest that miRNAs 
in umbilical cord blood MVs likely play a biological role in reg-
ulating lactation. Therefore, umbilical cord blood MVs repre-
sent a new vehicle of fetal-maternal crosstalk. We will explore 
the signaling mechanisms underlying the effects of umbilical 
cord blood MVs on lactation in our future research.
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Original 
species

miRNA
Human genome 

homologous
Conservation E-value

Number of target 
genes

Cow bta-mir-181a hsa-miR-181a-5p 0.98 2.00E-04 157

Cow mir-106-5p hsa-miR-106a-5p 1 2.00E-04 237

Cow mir-200c-3p hsa-miR-200c-3p 1 2.00E-04 157

Cow mir-20a-5p hsa-miR-20a-5p 1 2.00E-04 205

Mouse mir -181b-5p hsa-miR-181b-5p 1 2.00E-04 159

Mouse mir -181a-5p hsa-miR-181a-5p 1 2.00E-04 157

Mouse mir -29b-3p hsa-miR-29b-3p 1 2.00E-04 95

Mouse mir-200c-3p hsa-miR-200c-3p 1 2.00E-04 157

Mouse mmu-miR-103-3p hsa-miR-103a-3p 1 2.00E-04 61

Cow bta-miR-10a hsa-miR-10a-5p 1 2.00E-04 19

Cow bta-miR-145 hsa-miR-145-5p 1 2.00E-04 55

Cow bta-miR-155 hsa-miR-155-5p 1 2.00E-04 46

Rat rno-mir-7a-5p hsa-miR-7-5p 1 2.00E-04 39

Rat rno-miR-142-3p hsa-miR-142-3p 1 2.00E-04 32

Rat rno-miR-342-3p hsa-miR-342-3p 1 2.00E-04 13

Supplementary Table 2. Up-regulated lactation-related miRNAs (E-value<6.00E-04).

Supplementary Tables

Original 
species

miRNA
Human genome 

homologous
Conservation E-value

Number of target 
genes

Cow mir-181d-5p hsa-miR-181d-5p 1 2.00E-04 222

Cow mir-574-3p hsa-miR-574-3p 1 6.00E-04 6

Cow mir-107-3p hsa-miR-107 1 6.00E-04 53

Cow bta-let-7c hsa-let-7c-5p 1 6.00E-04 64

Cow mir-10a-5p hsa-miR-10a-5p 1 6.00E-04 19

Cow mir-100-5p hsa-miR-100-5p 1 6.00E-04 4

Cow mir-199a-3p hsa-miR-199a-3p 1 6.00E-04 39

Cow mir-221-3p hsa-miR-221-3p 1 6.00E-04 36

Cow mir-205-5p hsa-miR-205-5p 1 6.00E-04 43

Cow mir-146b-5p hsa-miR-146b-5p 1 6.00E-04 13

Cow mir-327-5p hsa-miR-221-5p 1 6.00E-04 36

Cow mir-199b-5p hsa-miR-199b-5p 1 6.00E-04 39

Cow mir-203-3p hsa-miR-203a-3p 1 6.00E-04 94

Cow mir-26-1-5p hsa-miR-26a-5p 0.98 6.00E-04 118

Cow mir-181c-5p hsa-miR-181c-5p 0.99 6.00E-04 151

Rat rno-miR-134-5p hsa-miR-134-5p 1 6.00E-04 8

Rat rno-miR-23a-5p hsa-miR-23a-5p 1 6.00E-04 103

Rat rno-miR-27a-5p hsa-miR-27a-5p 1 6.00E-04 118

Supplementary Table 1. Down-regulated lactation-related miRNAs (E-value <6.00E-04).
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Supplementary Table 2 continued. Up-regulated lactation-related miRNAs (E-value<6.00E-04).

Original 
species

miRNA
Human genome 

homologous
Conservation E-value

Number of target 
genes

Rat rno-miR-18a-5p hsa-miR-18a-5p 1 2.00E-04 28

Cow bta-mir-135a hsa-miR-135a-5p 1 2.00E-04 61

Cow bta-miR-21-5p hsa-miR-21-5p 0.9 6.00E-04 34

Cow bta-miR-146b hsa-miR-146b-5p 0.96 6.00E-04 13

Cow mir-210-3p hsa-miR-210-3p 1 6.00E-04 2

Cow mir-362-3p hsa-miR-362-3p 1 6.00E-04 262

Cow mir-148a-3p hsa-miR-148a-3p 1 6.00E-04 76

Cow mir-1-3p hsa-miR-1-3p 1 6.00E-04 76

Cow mir-375-3p hsa-miR-375 1 6.00E-04 2

Cow mir-141-3p hsa-miR-141-3p 1 6.00E-04 84

Cow mir-92a-3p hsa-miR-92a-3p 1 6.00E-04 80

Mouse mir-451a-5p hsa-mir-451a 1 6.00E-04 3

Mouse mir -146b-5p hsa-miR-146b-5p 1 6.00E-04 13

Mouse mir-200a-3p hsa-mir-200a-3p 1 6.00E-04 131

Mouse mir-200b-3p hsa-miR-200b-3p 1 6.00E-04 166

Mouse mir-148a-3p hsa-miR-148a-3p 1 6.00E-04 76

Mouse mmu-miR-141-3p hsa-miR-141-3p 1 6.00E-04 84

Mouse mmu-miR-30a-5p hsa-miR-30a-5p 1 6.00E-04 184

Mouse miR-29a-3p hsa-miR-29a-3p 1 6.00E-04 97

Mouse miR-26a-5p hsa-miR-26a-5p 1 6.00E-04 118

Mouse miR-24-3p hsa-miR-24-3p 1 6.00E-04 30

Mouse miR-22-3p hsa-miR-22-3p 1 6.00E-04 40

Mouse miR-21-5p hsa-miR-21-5p 1 6.00E-04 34

Mouse miR-16-5p hsa-miR-16-5p 1 6.00E-04 151

Mouse let-7i-5p hsa-let-7i-5p 1 6.00E-04 49

Mouse let-7g-5p hsa-let-7g-5p 1 6.00E-04 48

Mouse let-7f-5p hsa-let-7f-5p 1 6.00E-04 47

Mouse let-7c-5p hsa-let-7c-5p 1 6.00E-04 64

Mouse let-7b-5p hsa-let-7b-5p 1 6.00E-04 68

Mouse let-7a-5p hsa-let-7a-5p 1 6.00E-04 65

Cow bta-miR-15b hsa-miR-15b-5p 1 6.00E-04 159

Cow bta-miR-205 hsa-miR-205-5p 1 6.00E-04 43

Cow bta-mir-221 hsa-miR-221-3p 1 6.00E-04 36

Cow bta-mir-223 hsa-miR-223-3p 1 6.00E-04 34

Rat rno-miR-206-3p hsa-miR-206 1 6.00E-04 78

Cow bta-mir-29c hsa-miR-29c-3p 1 6.00E-04 113
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A Biological process of down-regulated miRNA.

Supplementary Table 3.  GO analysis based on highly expressed miRNA targets. Note that the biological process category is for 
lactation-related miRNA targets.

GO term No. genes
Term P Value

Corrected with Bonferroni step down
log2P

Positive regulation of macromolecule metabolic process 182 8.32E-17 16.07996775

Positive regulation of cellular metabolic process 185 8.43E-15 14.07396225

Nervous system development 155 8.56E-15 14.06754556

Positive regulation of macromolecule biosynthetic process 122 2.44E-14 13.61261041

Positive regulation of cellular biosynthetic process 127 1.83E-13 12.7382415

Positive regulation of biosynthetic process 128 2.52E-13 12.59793599

Positive regulation of nucleobase-containing compound 
metabolic process

121 9.15E-13 12.03834877

Positive regulation of gene expression 121 1.27E-12 11.89715016

Positive regulation of transcription, DNA-templated 107 1.30E-12 11.88737081

Positive regulation of nucleic acid-templated transcription 107 1.30E-12 11.88737081

Positive regulation of nitrogen compound metabolic process 122 1.60E-12 11.79704508

Positive regulation of RNA metabolic process 109 4.62E-12 11.33535686

Positive regulation of RNA biosynthetic process 107 5.30E-12 11.27612632

Regulation of macromolecule biosynthetic process 227 1.07E-11 10.97066187

Regulation of nucleobase-containing compound metabolic 
process

227 1.83E-11 10.73639878

GO Term No. genes
Term P Value

Corrected with Bonferroni step down
log2P

Multicellular organismal development 353 5.03E-20 19.29808555

Regulation of macromolecule metabolic process 396 6.22E-20 19.20595298

Negative regulation of biological process 334 6.74E-20 19.17123925

Positive regulation of macromolecule metabolic process 229 4.55E-19 18.34163176

Regulation of metabolic process 446 1.54E-18 17.81317793

Negative regulation of cellular process 310 1.59E-18 17.79753238

System development 315 1.02E-17 16.99352731

Regulation of cellular metabolic process 402 1.69E-17 16.7718758

Regulation of macromolecule biosynthetic process 302 2.86E-17 16.54383494

Regulation of primary metabolic process 388 3.66E-17 16.43665168

Regulation of cellular macromolecule biosynthetic process 294 1.13E-16 15.94714185

Positive regulation of metabolic process 271 1.37E-16 15.86279658

Positive regulation of macromolecule biosynthetic process 153 1.60E-16 15.79720478

Regulation of biosynthetic process 312 2.16E-16 15.66486045

Regulation of cellular biosynthetic process 309 4.09E-16 15.38825063

B Biological process of up-regulated miRNA.
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GOID GO term No. genes
Term P Value

Corrected with Bonferroni step down

KEGG: 04320 Dorso-ventral axis formation 10 2.15E-06

KEGG: 04010 MAPK signaling pathway 26 2.28E-04

KEGG: 05206 MicroRNAs in cancer 28 3.62E-04

KEGG: 05214 Glioma 11 0.002349762

KEGG: 05223 Non-small cell lung cancer 10 0.003465807

KEGG: 04022 cGMP-PKG signaling pathway 18 0.0039885

KEGG: 05205 Proteoglycans in cancer 20 0.005731077

KEGG: 04012 ErbB signaling pathway 12 0.007906834

KEGG: 05231 Choline metabolism in cancer 13 0.008142061

KEGG: 05161 Hepatitis B 16 0.008760234

KEGG: 04919 Thyroid hormone signaling pathway 14 0.011458475

KEGG: 05230 Central carbon metabolism in cancer 10 0.016058162

KEGG: 05200 Pathways in cancer 29 0.027849671

KEGG: 05202 Transcriptional misregulation in cancer 17 0.029870001

KEGG: 04150 mTOR signaling pathway 9 0.03240035

KEGG: 05220 Chronic myeloid leukemia 10 0.032404467

KEGG: 04930 Type II diabetes mellitus 8 0.033460878

KEGG: 04961
Endocrine and other factor-regulated calcium 
reabsorption

8 0.033460878

GOID GO term No. genes
Term P Value Corrected with 

Benjamini-Hochberg

KEGG: 04919 Thyroid hormone signaling pathway 19 5.93E-04

KEGG: 05206 MicroRNAs in cancer 33 6.34E-04

KEGG: 05205 Proteoglycans in cancer 26 6.38E-04

KEGG: 04510 Focal adhesion 27 8.36E-04

KEGG: 04360 Axon guidance 18 0.002137231

KEGG: 04010 MAPK signaling pathway 28 0.002293612

KEGG: 05202 Transcriptional misregulation in cancer 22 0.002612816

KEGG: 05218 Melanoma 12 0.004135083

KEGG: 04550
Signaling pathways regulating pluripotency of 
stem cells

18 0.004544666

KEGG: 05211 Renal cell carcinoma 11 0.004565614

KEGG: 05214 Glioma 11 0.004595295

KEGG: 04012 ErbB signaling pathway 13 0.004598649

KEGG: 05222 Small cell lung cancer 13 0.004778807

KEGG: 05220 Chronic myeloid leukemia 12 0.004814658

KEGG: 04151 PI3K-Akt signaling pathway 33 0.004894532

KEGG: 04152 AMPK signaling pathway 16 0.005007425

KEGG: 04810 Regulation of actin cytoskeleton 23 0.005099651

KEGG: 04350 TGF-beta signaling pathway 12 0.005719938

KEGG: 04710 Circadian rhythm 7 0.006234951

KEGG: 04068 FoxO signaling pathway 16 0.009418922

Supplementary Table 4.  KEGG pathway analysis based on highly expressed miRNA targets. Note that KEGG pathway enrichment is for 
lactation-related miRNA targets.

A Pathway of down-regulated miRNA target.

B Pathway of up-regulated miRNA target.
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miRNAs in microvesicles 

miR-369-3p
miR-454
miR-2861
miR-376c
miR-202*
miR-376a
miR-212-3p
miR-135b
miR-16
miR-181b
miR-199a-3p
miR-20a
miR-297a
miR-337-3p
miR-369-5p
miR-379
miR-331-3p
miR-381
let-7e
miR-20b
miR-92a
miR-99b
miR-504
miR-129-5p
miR-520g
miR-376b
miR-586
miR-147
miR-130a
miR-152
has-RNU24
miR-183
miR-328
miR-21*
miR-508-5p
miR-15a*
miR-193b
has-24
miR-191*
miR-572
miR-146b*
miR-371-3p
miR-519a*
miR-711
miR-518f
miR-28-3p
miR-623
miR-106a*
miR-450b-5p
miR-452-5p
miR-449b
miR-498
miR-612
miR-1469
miR-503
miR-23*/miR-23

miR-29a*
miR-122*
miR-455-3p
miR-124-3p
miR-98
miR-218
miR-219-5p
miR-493*
miR-411
miR-425
miR-145-5p
let-7c
miR-143
miR-194
miR-22
miR-23a
miR-195*
miR-129-3p
miR-449a
miR-187
miR-199a-5p
miR-200b*
miR-34a
miR-501-5p
miR-625
miR-422a
miR-432
miR-18b
miR-142-5p
miR-138
miR-450a-5p
miR-875-5p
miR-151-5p
miR-412
miR-199a/b-3p
miR-107
miR-140
miR-15b
miR-24-2*
miR-26a
miR-342-3p
miR-380-5p
miR-146a
miR-429
miR-769-5p
miR-219-3p
miR-483-5p
miR-583
miR-758
miR-301b
miR-16-2*
miR-524-5p
miR-199b-5p
miR-424*
miR-339-3p
miR-112

miR-499-5p
miR-126-5p
let-7g
miR-122
miR-28-5p
miR-409-3p
miR-29b
miR-135b*
miR-23b
miR-26b*
miR-27b
miR-30a*
miR-34c
miR-451
miR-96
miR-126-3p
miR-191
miR-9*
miR-15b*
miR-100
miR-19a
miR-30a
miR-375
miR-377
miR-99a
miR-27a
miR-27b*
miR-29b-1*
miR-338-5p
miR-363-3p
miR-378
miR-382
miR-103
miR-493
miR-1281
miR-628-5p
miR-616-5p
miR-33b
miR-616-3p
miR-628-3p
miR-520b
miR-422b
miR-95
miR-602
miR-387
miR-200c*
let-7g*
miR-185
miR-214*
miR-22*
miR-433
miR-182
miR-151-3p
miR-489
miR-345-5p
miR-20b*

miR-325
miR-455-5p
miR-499-3p
miR-20a*
miR-32
miR-335-3p
miR-340-5p
miR-380-3p
miR-146b
miR-15a
miR-16-1*
miR-200b
miR-204
miR-21
miR-29c
miR-30b
miR-671-3p
miR-23b*
miR-24
miR-346
miR-326
miR-210
let-7i*
miR-501-3p
miR-584
miR-875-3p
miR-155
miR-523
miR-25
miR-196b
miR-208b
miR-223
miR-26b
miR-31
miR-340-3p
miR-9
let-7b
miR-1197
miR-148a*
miR-154
miR-183*
miR-18a
miR-221
miR-24-1*
has-miR-298
has-miR-762
has-miR-675-5p
miR-770-5p
miR-557
miR-372
miR-512-5p
miR-337-5p
miR-524-3p
miR-526a
miR-17*
miR-25

miR-149
miR-421
miR-196a
miR-141
miR-181d
miR-200a
miR-30e
miR-494
miR-30c
miR-495
miR-141*
miR-148a
miR-195
miR-200c
miR-29a
miR-148b*
miR-150
miR-18a*
miR-324-3p
miR-674
miR-877
miR-99b*
miR-674*
miR-106b*
miR-658
miR-659
miR-769-3p
miR-527
miR-301a
miR-30d
miR-31*
miR-335-5p
miR-365
miR-496
miR-181a
miR-181c
miR-17
miR-19b
miR-200a*
miR-222
miR-29c*
miR-342-5p
miR-409-5p
miR-425*
miR-671-5p
miR-139-3p
miR-423-5p
has-miR-663
miR-423-3p
has-miR-718
miR-323-5p
miR-373*
miR-30b*
miR-329
miR-638
miR-176

miR-202
miR-497
miR-497*
miR-410
miR-26a-2*
let-7i
miR-132
miR-206
miR-26a-1*
miR-186
miR-339-5p
miR-483-3p
let-7f
miR-106a
miR-106b
miR-10a
miR-150*
miR-296-5p
miR-214
miR-34c*
miR-93*
miR-27a*
miR-324-5p
miR-92b
miR-508-3p
miR-33b*
miR-505-3p
miR-139-5p
miR-302a
miR-30e*
miR-302d
miR-338-3p
miR-331-5p
let-7a
let-7a-1*
miR-144
miR-10b
miR-130b
miR-148b
miR-93
miR-142-3p
let-7d
miR-125a-5p
miR-125b-5p
miR-125b-3p
miR-139-5p
has-miR-453
miR-615-3p
miR-370
miR-296-3p
miR-23a*
miR-125a-3p
miR-675b
miR-198
miR-373
miR-235

Supplementary Table 5. miRNA expression profile of umbilical cord blood microvesicles.

* Lactation-related miRNAs are noted in bold.
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