Int. J. Biol. Sci. 2018, Vol. 14 1426

Bagr' Ty [VYSPRING

il
vﬁﬁ INTERNATIONAL PUBLISHER

International Journal of Biological Sciences

2018; 14(11): 1426-1436. doi: 10.7150/ijbs.27029
Research Paper

The Pro-angiogenesis Of Exosomes Derived From
Umbilical Cord Blood Of Intrauterine Growth
Restriction Pigs Was Repressed Associated With
MiRNAs

Jia Luo®t, Yuan Fanlt, Linyuan Shenl, LiLi Niu!, Ye Zhao!, Dongmei Jiang!, Lin Zhu?, An’an Jiang!, Qianzi
Tang!, Jideng Mal, Long Jinl, Jinyong Wang3, Xuewei Lil, Shunhua Zhang!**, Li Zhu!**

1. College of Animal Science and Technology, Sichuan Agricultural University, Chengdu, Sichuan, China.
2. Mianyang Ming Xing Agricultural Science and Technology Development Co., LTD, Mianyang, Sichuan, China.
3. Chongging Academy of Animal Science, Rongchang 402460, China

t These authors contributed equally to this work.

P4 Corresponding authors: zhangsh1919@163.com (SZ); zhuli7508@163.com (LZ)

© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license
(https:/ / creativecommons.org/licenses/by-nc/4.0/). See http:/ /ivyspring.com/ terms for full terms and conditions.

Received: 2018.05.03; Accepted: 2018.07.10; Published: 2018.08.06

Abstract

Dysfunctional umbilical cord blood (UCB) is a key factor for the development of intrauterine growth
restriction (IUGR) in utero. Poor degrees of angiogenesis were observed during IUGR development.
Here, it was demonstrated that NV-EXO (normal piglet’'s Umbilical Veins derived exosomes)
promoted angiogenesis within the subdued pro-angiogenesis context of IV-EXO (IUGR piglet’s
Umbilical Veins derived exosomes). Investigation of the miRNA transcriptome of umbilical cord vein
and artery exosomes between IUGR and normal littermates showed significant differences between
umbilical veins from normal (NV) and IUGR (V) piglets. Similar patterns were observed in normal
(NA) and IUGR (IA) umbilical arteries as well. Moreover, the miRNAs expession level was more
stable in NV. Further analysis revealed that miRNAs related to angiogenesis exhibited aberrant
expression in I[UGR pigs. The miRNA expression patterns between IUGR and normal piglets
showed great difference. Expression of miR-150 in the tissues and UCB exosomes of IUGR pigs was
significantly decreased. Up-regulation of miR-150 was able to increase proliferation, migration and
tube formation of Human umbilical vein endothelial cells (HUVECs), suggesting a pro-angiogenic
role. Furthermore, the data demonstrated that UCB derived miRNAs participate in fetal epigenetic
regulation during pregnancy, suggesting a novel possible explanation for abnormal embryologic
vascular development and several congenital cardiovascular diseases.
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1. Introduction

Intrauterine growth restriction (IUGR) is
normally defined as the failure of a fetus to reach its
genetically pre-determined growth potential, which
represents one of the most common and complex
problems in modern obstetrics[1]. Affecting
approximately 5-10% of human neonates worldwide,
and 15-20% of newborn piglets, IUGR is widely
considered to be a major problem in human medicine
and animal production [1, 2]. These fetuses with

impaired fetal programming and growth restriction
are at a risk for developing chronic diseases of
adulthood, including various neurological disorders
and cardiovascular diseases [3, 4].

The causes of IUGR are generally described
under 3 main categories: maternal, fetal, and placental
[5]. The umbilical cord is the physical link between the
placenta and fetus. Structurally, the umbilical cord
consists of 2 umbilical arteries (UA) and 1 umbilical

http://www.ijbs.com



Int. J. Biol. Sci. 2018, Vol. 14

1427

vein (UV). It contributes to placenta-fetal
communication, and plays an indispensable role in
the intrauterine embryonic development. Studies
have reported that intrauterine growth-restricted
fetuses had a higher proportion of lean umbilical
cords [6]. The umbilical cord changes, with respect to
the physical dimensions and composition, can be
considered reflective of changes in the fetal
cardiovascular system [7]. Furthermore, angiogenesis
occurs during numerous normal physiological
conditions (e.g. embryogenesis, reproduction, and
wound healing) as well as in many pathological
processes [8, 9]. Exosomes are membranous vesicles
(30-100 nm in diameter) that are released by a variety
of cell types into the extracellular space. Furthermore,
exosomes are considered to be important mediators of
intercellular communication for immune signaling,
stress responses, and angiogenesis etc. Recent studies
have suggested that exosomes play a significant role
in cellular communications [10-13], disposal of
metabolic waste, and the trans-placental transfer of
nutrients to the developing fetus [14]. Ouyang et al.
have suggested that placental-derived exosomes and
their biological contents (RNAs and protein)
contributed to maternal-fetal communication during
pregnancy [15]. Moreover, exosomes deliver a
significant proportion of circulating miRNAs [16].
These implied miRNAs in Umbilical cord blood
(UCB) exosomes could be a new possible mechanism
involved in the development of IUGR. However, no
publications studied the role of miRNAs in UCB
exosomes during in utero embryonic development.
Pigs (Sus scrofa) are emerging as an attractive
biomedical model for the study of human diseases
due to their similar anatomy, genetics, and
physiological characteristics, compared to mice and
other mammals [17, 18]. Indeed, pig models offer the
advantages of homogeneous feeding regime, and are
absent many confounding factors typical for humans.
In the modern swine industry, pigs have undergone
strong genetic selection in relatively inbred
commercial lines, which has led to remarkable
phenotypic changes and genetic adaptation.
Therefore, these breeding lines are a perfect model for
IUGR studies [19]. In the present study, the Umbilical
cord morphological and histological characteristics
were analyzed, as well the pro-angiogenesis functions
of UCB exosomes. Moreover, miRNA transcriptome
profiles of UV and UA exosomes from IUGR and
normal littermates were evaluated. The data
suggested that the angiogenesis inducing capability of
IUGR was poor. Although NV-EXO exhibited
pro-angiogenesis properties, those of IV-EXO were
markedly diminished. Aberrant expression of
miRNAs derived from UCB was observed in IUGR

piglets; miR-150 was down-regulated in exosomes
derived from IUGR’s UCB, and was capable of
promoting  angiogenesis. The present study
contributes to an improved understanding of the
influence of miRNAs contained within UCB exosomes
on fetal epigenetic regulation during pregnancy,
while exploring a novel possible mechanism for the
formation of IUGR.

2. Materials and Methods

2.1. Experimental samples

Yorkshire piglets were obtained from the
Mianyang Ming Xing Agriculture Science and
Technology development Co., LTD, (Mianyang,
Sichuan, China). All studies were performed in strict
accordance  with the Regulations for the
Administration of Affairs Concerning Experimental
Animals (Ministry of Science and Technology, China,
revised in June 2004). All newborn Yorkshire piglets
used for collecting umbilical cords and UCB were
born naturally, had no genetic defects, and a clear
genetic background. All the piglets were gave birth at
full term (113+2d gestation). In this study, 3 litters
were selected using the IUGR birth weight criterion
(i.e. a birth weight of 1.5 SD below the mean birth
weight of the litter)[20]. As a result, 6 newborn male
piglets from the 3 litters (treating the lightest one from
each litter as IUGR and the heaviest one as normal)
were selected. Exosomes in UA and UV were utilized
for RNA isolation, and were then used for library
construction, q-PCR analysis, and in witro
experiments. Umbilical cord samples and other
tissues were collected for immunohistochemistry and
g-PCR analysis.

2.2. Histological and immunohistochemistry
analysis

Tissues were harvested for the histological
examination, washed thrice with phosphate-buffered
saline (PBS) to remove blood, and were then fixed in
4% paraformaldehyde. Umbilical cord segments were
embedded in paraffin blocks and stained with
hematoxylin and eosin after fixation. A rabbit
monoclonal antibody specific to CD34 was purchased
from Abcam (USA). Immunohistochemical analysis of
CD34 expressing cells was performed by the Google
Biotechnology limited company (Chengdu, China).
CD34+ light density were analyzed by Image-pro plus
6.0 (Media Cybernetics, Inc., Rockville, MD, USA)

2.3. UCB Collection, exosome preparation and
identification

An anticoagulant solution of 15% EDTA was
prepared, and 2 drops were combined in a 5 ml
syringe before collecting umbilical cord blood. At the
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time of birth, the piglets were placed under a heat
lamp, UA and UV blood samples were collected from
the umbilical cord. Samples were inverted several
times to ensure inhibition of clotting by the EDTA
solution. The blood was then transferred to 2 ml
centrifuge tubes (1 ml per tube). Exosomes in the UCB
were isolated as previously described by Théry et al.
[21]. The wumbilical cord blood exosomes were
prepared as previously described by Palanisamy et al.
[22]for atomic force microscopy (AFM) analysis. The
exosome suspensions were diluted 1:500 in deionized
water, and were then adsorbed to freshly cleaved
mica sheets for 10 min. Excess exosome suspension
was carefully removed with absorbent filter paper,
and the mica was further dried before analysis.
Surface morphology was examined under an atomic
force microscope (Asylum Research MFP-3D-Bio,
Digital Instruments Inc., Santa Barbara, CA).

2.4. RNA isolation and q-PCR

Total exosomal RNA (including miRNAs) were
extracted using the TRIzol LS reagent (Invitrogen)
according to the manufacturer’s instructions. Total
RNA quality and concentration were estimated by gel
electrophoresis and a spectrophotometry (Thermo,
Waltham, MA, USA). Reverse transcriptions of
microRNAs were performed using a commercial kit
(TaKaRa, China), according to the manufacturer’s
instructions. Quantitative real-time PCR (qRT-PCR) of
miRNAs were performed using a SYBR Premix Ex
Taq kit (TaKaRa, China) on a Bio-RAD IQTMS5 system
(Bio-Rad, Hercules, CA, USA). The amplification
conditions were as follows: initial denaturation at 95
°C for 30 s, followed by 40 cycles of denaturation at 95
°C for 30 s, annealing at 60 °C for 40 s, and extension at
72 °C for 30 s. The forward primer of miRNAs was
identical in sequence and length to the miRNA itself
(i.e,, the most abundant isomiR) based on our
sequencing results. The expression levels of
individual miRNAs were normalized to miRNA U6.
Relative expression of miRNAs was calculated via the
2-2ACt method.

2.5. Small RNA Library Construction and
Sequence Analysis

Samples from either the 3 normal or 3 IUGR
piglets were pooled respectively and used for the
construction of small RNA libraries. Total RNA was
extracted using Trizol LS reagent (Invitrogen, CA,
USA) following the manufacturer’s procedure. The
total RNA quantity and purity were analysis of
Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit
(Agilent, CA, USA) with RIN number >7.0.
Approximately 1 pg of total RNA was used to prepare
the small RNA libraries according to the protocol of

the TruSeq Small RNA Sample Prep Kits (Illumina).
Single-end sequencing (36 bp) was performed on an
Ilumina Hiseq 2500 at the LC-BIO (Hangzhou,
China), following the recommended protocol. The
small RNA sequencing data were uploaded to NCBI's
Gene Expression Omnibus (GEO), and can be found
under Accession Number GSE87111.

The procedures used here for data processing
have been described previously [23]. The raw reads
were subjected to the Illumina pipeline filter (Solexa
0.3), and the dataset was further processed using
ACGT101-miR (LC Sciences, Houston, TX) in order to
remove adapter dimers, poor quality sequences, low
complexity, common RNA families (rRNA, tRNA,
snRNA, and snoRNA), and repeats. Then the
high-quality reads were mapped to the pig genome
(Sscrofal0.2) using NCBI Local BLAST following
three steps in order: (1) map the high-quality reads to
the precursor miRNAs of pig and 24 other mammals
in miRbase 21.0; (2) map the mapped high-quality
reads to pig genome (Sscrofal(.2) to obtain their
genomic locations and annotations using NCBI Local
BLAST; (3) Unique sequences with lengths of 18-26 nt
were subsequently mapped to species-specific
precursors in miRBase 21.0 through a BLAST search
to identify known miRNAs and novel 3p- and
5p-derived miRNAs. Sequences containing varied
lengths at both the 3’- and 5’-ends as well as a single
mismatch within the sequence were retained in the
alignment. Unique sequences mapping to
species-specific mature miRNAs in hairpin arms were
identified as known miRNAs.

2.6. miRNA Target Gene Prediction and
Pathway Analysis

To predict target genes for the differentially
expressed miRNAs, 2 bioinformatic algorithms
(TargetScan 7.1 and miRanda 3.3a) were used to
identify miRNA binding sites. The data predicted by
both algorithms were combined, and overlaps were
calculated. The GO terms and KEGG pathways of the
differentially expressed miRNA targets were
annotated.

2.7. Cell Culture and miRNA Transfection

Human wumbilical vein endothelial cells
(HUVECs) were kindly provided by the Medical
College of Suzhou University. Cells were maintained
at 37 °C, 5% CO. in DMEM (Hyclone, USA)
supplemented with 10% FBS (GIBCO, USA). The
medium was changed every 2 days, and cells were
passaged at 90% confluence. Cells were lifted from the
culture vessel using 0.25% trypsin (Solarbio, China).
Transfection of miRNAs into HUVECs was achieved
using Hiperfect (QIAGEN, Germany), according the
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manufacturer’s recommendation. Mimics of miRNAs
or negative controls were purchased from RiboBio
(Guangzhou, China). Total RNA was isolated 24 h
after transfection.

2.8. Cell proliferation assay

HUVECs were seeded in 96-well plates and
maintained in growth medium. The cells were then
transfected with exosomes or miR-150 mimics,
inhibitors, or negative control (NC). Cell proliferation
was assessed using a Cell Counting kit 8 (DOJINDO,
Japan) according to manufacturer's protocol. For Edu
analysis, HUVECs were treated with 10pm Edu for
24h following transfection and incubated for 14h.
Staining for Edu was performed according to the
manufacturer’s protocol. Images were captured using
an Olympus IX53 microscope (Olympus, Tokyo,
Japan).

2.9. Scratch Assay and Tube Formation Assay

The cells were transfected and grown to near
confluence in 12-well plates. Next, the HUVEC
monolayers were scratched with a 200-pl pipette tip.
Non-adherent cells in the culture supernatants and
cell debris were removed by 3 washes with PBS. After
incubating the HUVECs in DMEM containing
100pg/ml exosomes or PBS, or miR-150 or negative
control, the cells were allowed to recover for 24 h.
Photos were taken at the same fields of view at 0 h
and 24 h after scratching the monolayer. “Wound
healing” was assessed by analyzing images in Image]
Pro 1.51. Matrigel (CORNING, USA) was added to
each well of the 96-well plate, and allowed to
polymerize at 37 °C for 30 min. The HUVECs were
then treated with exosomes (100pg/ml) or PBS, or
miR-150 mimics or negative control for 24 h. The de
novo formed capillary-like structures were imaged
using a Nikon TE2000 microscope (Nikon, Japan).

2.10. Statistical analysis

Data are presented as means + SEM. Differences
between groups were analyzed using a Student's
two-tailed t-test for independent samples.

3. Results and Discussion

3.1. Angiogenesis of IUGR was repressed

Aberrant vascular formation is believed to be a
possible contributing factor to the development of
IUGR [24]. Furthermore, it has been reported that
IUGR fetuses had a higher proportion of lean
umbilical cords [6]. To determine the differences exist
in umbilical cords of IUGR and normal piglets, the
lightest and the heaviest piglets from 3 litters (the
average litter weights were 2.02 + 0.42 kg, 1.87 + 0.29
kg, and 1.94 + 0.33 kg, respectively) were selected

based on an individual with a birth weight of 1.5 SD
below the mean birth weight of its litter [25]. The
average weights of IUGR and normal piglets were
0.84 + 0.18 kg and 1.90 + 0.32 kg, respectively (Fig.
1A). The developmental progress and survival rates
depended primarily on the functional integrity of the
maternal-placental-fetal circulation. In fact, placental
development precedes fetal development, suggesting
that placental dysfunction is a contributing factor to
the development of IUGR [26, 27]. One important
stage of placental development is the formation of
adequate vasculature during gestation to satisfy the
demands of the growing fetus [28]. The vascular
changes occurring in the placental bed and in the
microcirculation of the placenta are reflective of the
morphometric changes observed in umbilical vessels.
The UC, as a physical link between placenta and fetus,
are extremely long and muscular. Analysis of several
UC parameters, specifically diameter (UV-D) and
cross sectional area (UV-CSA), was significantly lower
in IUGR pigs than in controls. A similar observation
was observed in the UA and UV as well (Fig. 1B, Table
1). This finding was consistent with those of
previously published studies in humans [7]. The
umbilical cord serves as a conduit for blood flow to
the developing fetus, and is considered to be an
extension of the fetal cardiovascular system. Changes
in the physical dimensions and tissue composition of
the UC can be reasonably inferred to be reflective of
changes in fetal tissue vasculature [7]. Furthermore,
immunohistochemical analysis of CD34 expression in
tissues suggested that angiogenesis in IUGR pigs was
reduced compared to that of normal piglets in the
brain, liver, cerebellum and heart (Fig. 1C, D). In
addition, it was observed that the expression level of
VEGF was lower in tissues from IUGR piglets
compared to normal piglets (Fig. 1E). These data
indicate that angiogenesis was repressed in IUGR

pigs.

Table 1. The various morphometric parameters measured on the
cord

Umbilical cord parameters ~ Normal IUGR P
UC-D (mm) 6.2(4.27,7.59) 4.12(2.75,5.86) <0.001
UC-CSA (mm2) 32.57(26.2,45.89) 27.44(19.37,36.55)  <0.001
WIJA (mm2) 22.77(16.35,31.09) 17.35(11.26,24.95)  <0.001
UV-D (mm) 2.06 (1.73, 2.42) 1.79(1.54,2.46) <0.001
UV-CSA (mm?) 3.50 (3.06, 5.86) 3.19 (2.08,5.14) <0.001
UV-LCSA(mm?2) 1.53 (0.69, 2.26) 1.45 (0.43, 2.08) <0.05
UA-D (mm) 0.99 (0.54, 1.28) 0.67 (0.58, 1.20) <0.001
UA-CSA (mm?) 241 (1.64, 3.38) 1.96(1.35,2.41) <0.01
UA-LCSA (mm2) 0.34 (0.16, 0.52) 0.32(0.21,0.68) >0.05

Note: Umbilical cord (UC); Umbilical cord diameter (UC-D); Umbilical cord total
cross-sectional area (UC-CSA); Umbilical vein (UV); Umbilical vein diameter
(UV-D); Umbilical vein cross-sectional area (UV-CSA); Umbilical vein luminal
cross-sectional area (UV-LCSA); Umbilical artery (UA); Umbilical artery diameter
(UA-D); Umbilical artery cross-sectional area (UA-CSA); Umbilical artery luminal
cross-sectional area (UA-LCSA). The numbers in the parentheses means the
minimum and maximum values of this term.
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Fig. 1. Angiogenesis of IUGR pig was repressed. (A) Body weight of the IUGR and normal piglets; (B) The Characteristics of Umbilical Cord, 40%, scale=100um. umbilical
artery of IUGR (IA); umbilical artery of normal (NA); umbilical vein of IUGR (IV); umbilical vein of normal (NV); (C) CD34 immunohistochemistry of both normal and IUGR
piglet’s brain, liver, cerebellum and heart. Red represents CD34 protein, cell nuclei were stained with DAPI (blue). (D) CD34 positive light density, Red represents CD34 protein.
(F) VEGF mRNA relative expression level in both normal and IUGR piglet’s tissues. * or **represent the significance at the level of 0.05 or 0.01, n.s represent non-significant,

***represent the significance at the level of 0.001.

3.2. The pro-angiogenesis role of IV-EXO was
repressed

Umbilical cord blood plays an indispensable role
in placenta-fetal communication. Torry ef al. reported
an association between IUGR and aberrant
angiogenesis during fetal development [29]. Several
other reports have suggested that exosomes in the
UCB could be a new factor contributing to abnormal
vascular development during IUGR. In the present
study, exosomes isolated from UCB were investigated
using atomic force microscopy (AFM) at nanometer
scale resolution. Porcine UCB contains a substantial
amount of exosomes, measuring approximately 120
nm x 20 nm, presenting as flattened, donut-like
structures similar to exosomes observed in human
saliva and breast milk (Fig. 2A, B) [22, 30]. To

investigate whether UCB exosomes participated in
angiogenesis, HUVECs were selected for the analysis.
These cells are a valuable in wvitro model of
angiogenesis due to their ability to form capillary-like
structures, referred to as tubes, in response to
appropriate stimuli [31]. Since the umbilical vein is
the main supply to the fetus, and with increasing
evidence showing hypoplasia of umbilical vein in
IUGR, the roles of exosomes derived from UV were
explored to evaluate its pro-angiogenesis activities.
The results indicated that NV-EXO enhanced cell
growth by increasing the neonatal proliferation of
HUVECs. However, IV-EXO decreased this
proliferation (Fig. 2C, D). The scratch assay was
conducted using HUVECs co-cultured with EXO-free,
NV-EXO, IV-EXO to determine their influence of
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motility of the cells. The data indicated that NV-EXO
significantly ~promoted HUVEC migration. In
contrast, the migration of HUVECs was significantly
reduced in the presence of IV-EXO (Fig. 2E, F). The
pro-angiogenesis genes VEGF and Notchl were
observed to be up-regulated when cells were cultured
in the presence of NV-EXO, however IV-EXO resulted
in down-regulation of VEGF and Notchl gene
expression. However, the anti-angiogenesis gene
TSP1 were observed to be down-regulated when cells
were cultured in the presence of NV-EXO (Fig. 2G). In
addition, co-culture with NV-EXO resulted in a
significant increase in tube formation, whereas
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IV-EXO decreased tube formation (Fig. 2H, I). These
data indicated that NV-EXO was pro-angiogenesis,
but IV-EXO was mnot. Previous studies have
discovered human umbilical cord-derived MSCs
(huMSCs) have therapeutic effects in the alleviation of
acute and chronic kidney injury. This process is
primarily mediated by exosome means [32, 33].
However, no reports have been published that focus
directly on the function of UCB-derived exosomes.
The data obtained in the present study demonstrated

the potential for future therapeutic use of NV-EXO in
humans.
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Fig. 2. The pro-angiogenesis role of IV-EXO was repressed. (A) The 3D morphology of isolated porcine umbilical cord blood exosomes observed in AFM; (B) The line
profile of AFM image width for Umbilical Cord blood exosomes. X- and Y-axes are the width and height; (C) Cell viability was measured following exosomes or PBS treatment
for 24h, using the Edu analysis; (D) Quantification of cell proliferation; (E) Evaluation of cell migration in vitro using a scratch assay in HUVECs following exosomes or PBS
treatment for 24h (n=3); (F) Percentage of cell healing; (G) The expression level of VEGF and Notchl mRNA after treating exosomes or PBS; (H) Evaluation of angiogenesis in
vitro using a matrigel assay in HUVECs following exosomes or PBS treatment (n=3); (I) junction numbers of blood vessels. * or **represent the significance at the level of 0.05

or 0.01, n.s represent non-significant. , **represent the significance at the level of 0.001.
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3.3. UCB-EXO carrying angiogenesis-related
miRNAs

Angiogenesis is crucial for a wide variety of
physiological and pathological processes. There has
been a recent increase in evidence suggesting that
miRNAs are important regulators of angiogenesis.
Several miRNAs have been identified derived from
exosomes, stimulating angiogenesis as well as
facilitating metastatic development [34]. Thus, a
comprehensive analysis of the miRNAs in UCB
exosomes would facilitate a better understanding of
the molecular mechanisms of IUGR development, as
well as the therapeutic potential of UCB-EXO. To
characterize the miRNA transcriptome of IUGR
piglets in UCB exosomes, a deep sequencing approach
was utilized [35]. As a result, 12.74 million (M), 13.29
M, 11.42 M, and 13.00 M raw reads were obtained
from NV, IV, NA, and IA exosomes, respectively
(Table S1). The distribution of sequence lengths
revealed that the majority of reads ranged from 21 to
24 nt in length (accounting for 80% of the total reads)
(Figure.S1). A total of 554 pre-miRNAs and 636
mature miRNAs were identified (Table 2). The vast
majority (52.71%) of all mapable sequences were
identified as known precursor miRNAs (pre-miRNA),
as determined by miRBase21.0. Moreover, the
sequencing data of small RNAs were significantly and
positively correlated with the observed qRT-PCR

data, highlighting the reliability of the small

RNA-sequencing approach (Fig. S2).

Table 2. Statistics of pre-miRNA and mature miRNA

Classified NV v NA 1A Total
miRNAs / miRNAs/ miRNAs/ miRNAs/ miRNAs/
pre-miRNAs pre-miRNAs pre-miRNAs pre-miRNAs pre-miRNAs

Known  248/224 172/172 178/172 147/158 292/260

miRNAs

conservativ 32/30 12/12 18/18 10/9 41/38

e miRNAs

novel 44/45 28/28 51/51 38/38 87/84

miRNAs

Total 452/414 288/452 374/340 273/278 636,554

There are 2 pathways connecting the fetus and
placenta, the UV and UA. In total, 116 and 226
miRNAs were observed to be differentially expressed
(DE) between NV and IV, NA and IA (P < 0.01),
whereas 74 miRNAs were co-expressed in both UV
and UA (P < 0.01) (Fig. 3A). In addition, the top 10
unique miRNAs were observed in high abundance,
accounting for 60%-70% of all total unique miRNA
reads (Fig. 3B). Furthermore, these miRNAs are
believed to function in important regulatory roles for
the homeostasis of blood (e.g., erythropoiesis and
angiogenesis). Interestingly, the expression profile of
the most abundant (top 10) and unique miRNAs
revealed striking similarities between NV and IV (Fig.

3B), which is in agreement with the miRNA cluster
analyses conducted here (Fig. 3C). As vascular
formation is important for fetal growth and
development, it was observed that miRNAs
promoting angiogenesis were down-regulated in
IUGR. However, anti-angiogenesis miRNAs were
up-regulated in the same animals. For example,
miR-130a is Dbelieved to down-regulate the
antiangiogenic homeobox genes GAX and HOXA5 to
accelerate angiogenesis [36]. In the present study,
expression of miR-130a was significantly lower in
IUGR piglets than in normal animals. Furthermore,
miR-126 plays an important role in the maintenance of
vascular integrity, angiogenesis, and wound repair
[37], and was found to be down-regulated in IUGR
animals. GO and KEGG analyses indicated that the
target genes of DE miRNAs were mainly associated
with embryonic development, angiogenesis and
blood vessel development (Fig. 3D). Previously
published studies have reported that angiogenesis, as
well as uterine and placental blood flow are crucial for
mammals to maintain proper placental and fetal
circulation, thus affecting embryonic growth [38].
Blood flow between uterus and fetus is the only route
of substance exchange from the mother to fetus and
from the fetus back to the mother. This hypothesis is
consistent with our observations of altered vascular
development and the growth rate of the embryo
during embryonic development [39, 40]. Furthermore,
it was observed that miRNAs expressed in umbilical
vein blood exosomes played a more central role in
intrauterine development, whereas the UCB-EXO
miRNAs were predominantly related to angiogenesis.
Restrained angiogenesis may be an important factor
leading to the development of IUGR.

3.4. The NV-EXO promoted angiogenesis is
partially mediated by the transfer of miR-150

Intensive studies have provided evidence that
exosomes released from many types of cell can
transfer miRNAs to neighboring or distant cells.
These exogenous miRNAs are able to function
similarly to endogenous miRNAs with respect to the
regulation of target gene expression and recipient cell
function [41]. Because of their ability to form
capillary-like structures called tubes in response to
appropriate stimuli, HUVECs are a valuable in vitro
model for the study of angiogenesis [31]. It was
therefore hypothesized that UCB-EXO may affect
HUVEC cell growth by the delivery of exogenous
miRNAs. Based on sequencing results, miRNAs in UV
were relatively stable, so the UV-derived exosomes
were selected for the subsequent study. The
expression of miR-150 has the greatest difference
between normal and IUGR piglets both in umbilical
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arteries and umbilical veins exosomes. In particular, a
strong enrichment of miR-150 in NV-EXO was
observed relative to IV-EXO (Fig. 4A, B). It was also
observed that IUGR animals had lower expression of
miR-150 in tissues (Fig. 4C). Based on these
observations, we sought to determine whether the
high angiogenesis ability of NV-EXO is caused by the
transfer of exogenous miR-150. To determine these
effects, the HUVEC model was utilized in an EdU
assay. As is presented in Fig.4 D and E, the HUVEC's
neonatal cell proliferation ability was significantly
enhanced after the introduction of miR-150. As the
proliferation and migration of HUVECs are the key
processes involved in angiogenesis, we also assessed
whether miR-150 mediated proliferation and
migration by CCK8 and scratch test. Following
transfection of HUVECs with mimics of miR-150, the
expression level of miR-150 increased significantly
(Fig. 4F). Next, a cell viability assay was performed,
and demonstrated a significant decrease in HUVEC
viability (Fig. 4G). The migration ability of the
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HUVECs was tested using a scratch assay. Following
miR-150 mimic transfection, the percentage of cell
monolayer re-growth was significantly improved
(Fig. 4H, I). Analysis of VEGF and Notchl expression
by qRT-PCR confirmed that their expression levels
increased in response to the up-regulation of miR-150,
whereas the expression of ZEB1 was decreased (Fig.
4]). The tube formation assay showed HUVECs with
increased miR-150 expression forms more novel
cellular junctions compared to the NC (Fig. 4K, L).
These results indicated that miR-150 in UCB-EXO
may play a major role in angiogenesis in utero. In fact,
the therapeutic use of UCB-EXO delivered miRNAs
has long been thought be advantageous over
traditional treatments [42]. In the present study,
UCB-EXO was observed to participate in
pro-angiogenesis functions, with miR-150 being a key
regulator of angiogenesis in utero. These observations
have shed light on a possible novel approach for the
treatment of disease processes involving in altered
angiogenesis.
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100%

pathway PValue
Upin IA cell death 2.68E-06
Regulation of growth 5.11E-06
P53 signaling pathway 9.80E-05
Embryonic development 9.05E-05
apoptosis 4.96E-06
blood vessel development 1.55E-04
Immune system development  1.05E-04
Down in IA Blood vessel development 9.31E-09
Regulation of transcription 7.98E-06
Regulation of growth 4.56E-06
Development 1.89E-05
Jak-STAT signaling pathway 3.07E-05
MAPK signaling 4.17E-05
Upin IV Cell part morphogenesis 4.78E-07
Regulation of cell cycle 4.25E-06

Regulation of cell proliferation 4.40E-06

Blood vessel development 3.05E-06
Angiogenesis 2.95E-06
Embryonic development 4.93E-06

Down in IV Transcription regulator activity 240E-12
Embryonic development 5.82E-07
Cell proliferation 4.60E-05
Intracellular signaling cascade 6.32E-06
Vesicle-mediated transport 2.57E-05

Fig. 3. UCB-EXO carrying angiogenesis-related miRNAs. (A) Differentially expressed (DE) miRNAs between NV (umbilical vein of normal) and IV (umbilical vein of
IUGR), NA (umbilical artery of normal) and IA (umbilical artery of IUGR); Venn diagram of miRNAs expressed in NV, IV, NA and IA; (B) Analysis of miRNAs universally abundant
across umbilical cord blood exosomes; (C) Cluster analysis of all expressed miRNAs. (D) GO and KEGG analysis of miRNAs differentially expressed (DE) between IUGR and
normal littermates. Note: Red indicated the high expression of miRNA; Green indicated the low expression of miRNA.
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Fig. 4. The NV-EXO promoted HUVEC cell growth is partially mediated by transferring miR-150. (A) Foldchange of the miR-150 expression between NV and IV;
(B) The expression level of miR-150 in NV and IV by q-PCR; (C) the expression level of miR-150 in IUGR and normal pig tissues; (D) (E) Cell viability after miR-150 mimics
treatment using Edu test; (F) Fold change of miR-150 in HUVEC: after treating miR-150 mimic, Negative control was treated with a scrambled miR mimic control; (G) Cell
viability was measured following miR-150 mimics or a scrambled miR mimic control treatment, using the cell count kit 8 (n=6); (H) (I) Evaluation of cell migration in vitro using
a scratch assay in HUVEC: following miR-150 mimics or a scrambled miR mimic control treatment for 24h (n=3); (J) The expression level of VEGF , Notchl and ZEBI mRNA
after treating miR-150 mimics or a scrambled miR mimic control;(K) (L) Evaluation of angiogenesis in vitro using a matrigel assay in HUVECs following miR-150 mimics or a
scrambled miR mimic control treatment (n=3), * or **represent the significance at the level of 0.05 or 0.01, n.s represent non-significant.

4. Conclusion UCB: umbilical cord blood
UC-D: umbilical cord diameter

Taken together, the results of the present study UC-CSA: umbilical cord total cross-sectional

suggest that angiogenesis is repressed during IUGR

. . . area
intrauterine embryonic development. The . o

. . . UV-D: umbilical vein diameter
UCB-derived exosomes took part in the regulation of o . .

. . . . UV-CSA: umbilical vein cross-sectional area
endothelial cell functions, possessed pro- angiogenic o . . .

L . . UV-LCSA: umbilical vein luminal cross-sectional
characteristics, which was at least partially area

attributable to the miRNAs contained within.
Although intrauterine angiogenesis is regulated by
various factors, exosomal miRNAs may play
significant regulation roles in this important process.
Our study developed a novel explanation for the
development of IUGR, as well as a new direction
through which to study epigenetic phenomena and
congenital diseases.

UA-D: umbilical artery diameter
UA-CSA: umbilical artery cross-sectional area
UA-LCSA: Umbilical artery luminal
cross-sectional area
UV-D: umbilical vein diameter
UV-CSA: umbilical vein cross sectional area
UA: umbilical cord artery
UV: umbilical cord vein
Abbreviations NA: umbilical artery of normal
IA: umbilical artery of IUGR
IV: umbilical veins of IUGR
NV: umbilical veins of normal

IUGR: intrauterine growth restriction
UC: umbilical cord
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