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Noncoding RNAs (ncRNAs), including small microRNAs
(miRNAs) and long noncoding RNAs (lncRNAs), are
responsible for fine regulation of gene expression in stem
cells [1]. This special issue focuses on the two main ncRNAs
currently under investigation, miRNAs and lncRNAs, the
latter of which are ill-understood compared to miRNAs.

miRNAs are a family of endogenous noncoding RNA
molecular about 22 nucleotide in length [2, 3]. Mature miR-
NAs can mediate translational repression through miRNA-
induced silencing complexes that bind to the 3′-untranslated
region (3′UTR) of the target mRNA. During mouse embry-
onic stem cell (mESC) differentiation, many miRNAs are
either upregulated or downregulated. Z.-Y. Chen et al. per-
formed a miRNA array screen, and identified miR-142-3p
significantly downregulated during mESC differentiation
into the mesodermal and cardiac progenitor cells, they did
miR-142-3p overexpression and inhibition experiments, and
found that regulation of miR-142-3p level does not change
the characteristics of undifferentiatedmESCs; however, ectopic
expression of miR-142-3p inhibits the expression of cardiac
transcription factor Mef2c by targeting 3′-untranslated
region of Mef2c, suggesting an important regulatory role
of miR-142-3p in early cardiac differentiation.

Notch signaling pathway is evolutionarily conserved
from invertebrates to vertebrates, Notch signaling is activated

via juxtacrine binding of an adjacent cell’s Jagged ligands
(Jag1 and 2) or Delta-like ligands (Dll1, 3, and 4) with 4
Notch receptors (Notch 1, 2, 3, and 4), Notch signaling path-
way directly controls stem cell survival, proliferation, and
differentiation [1, 4]. C. Chen et al. investigated the role
andmechanismofmicroRNA-1 (miR-1) in the differentiation
of adipose-derived stem cells (ASCs) into cardiomyocyte-like
cells. They found that miR-1 could promote the differen-
tiation of ASCs in the myocardial microenvironment, and
Notch/Hes1 signaling is involved in ASC differentiation
into cardiomyocytes.

Adult cardiomyocytes (CM) have limited proliferative
capacity; therefore, stimulating CM proliferation becomes a
promising strategy for inducing cardiac regeneration. Non-
coding RNAs were found differently expressed in CMs
with different proliferation potential. Modulating noncod-
ing RNAs might be a potential strategy to promote adult
CM proliferation. S. Qu et al. reviewed the microRNAs
which were proved to promote or suppress CM prolifera-
tion and the underlying mechanism of miRNA-mediated
CM proliferation.

Recent studies proved that the beneficial effect of MSC
in cardioprotection is contributed to paracrine effect. Y.
Zhou et al. tried to explore the major factors which
account for the beneficial effects of MSC; they identified
that hepatoma-derived growth factor (HDGF) was one of
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the important factor secreted by MSCs but not by cardiac
fibroblast. Knockdown of HDGF can ablate the cellular
protective effect of conditioned medium (CdM) from MSC.
Furthermore, they found HDGF-mediated cellular protec-
tion is protein kinase C epsilon (PKCε) dependent.

Stem cells can secrete exosomes/microvesicles (30–150nm),
which shuttle miRNAs between cells, and play an impor-
tant role in miRNA communication between donor stem
cells and recipient tissues [5–7]. Exosomes containing
biological active miRNAs mediate paracrine effect of mes-
enchymal stem cells (MSC), and exosome membrane pro-
tect miRNAs from RNase degradation. A. Luarte et al.
reviewed the latest progress regarding the impact of stress
in the biology of the neurogenic niche, especially how exo-
somes mediate communication between astrocytes and
niche cells via exosomes. Tumor-derived exosomes can
induce mesenchymal stem cell (MSC) transformation into
cancer-associated fibroblast (CAF). Q. Cheng et al. investi-
gated the effects of multiple myeloma- (MM-) derived
exosomes on regulating the proliferation of MSC, CAF
transformation of MSC, and IL-6 secretion of MSCs; they
found that miR-21 and miR-146a from MM derived exo-
somes play an important role in regulating MSC transfor-
mation and cytokine secretion.

lncRNAs are noncoding RNAs that are longer than 200
nucleotides in length that cover the largest and most diverse
group of ncRNAs. lncRNAs regulate stem cell potency and
differentiation [8]. S. Lee et al. reviewed the major lncRNAs
involved in the transcriptional and epigenetic regulation of
stem cell differentiation and maintenance. The mechanisms
of cytoplasmic lncRNAs and nucleus lncRNAs are different,
particularly, cytoplasmic lncRNAs regulate turnover, transla-
tion, and silence of partially complementary mRNAs; they
can also act as a miRNA sponge to reduce miRNA availability
and can modulate signaling pathways via interaction with
signaling molecular. Nuclear lncRNAs can be decoys for
transcription factors, or serve as a scaffold for ribonucleopro-
tein (RNP) or serve as an epigenetic regulator by recruiting
chromatin modification factors.

3,4-Benzopyrene (Bap) is an important component of
cigarette smoke and automobile exhaust. Bap is one of the
leading risk factor of abdominal aortic aneurysm (AAA).
Macrophage activation plays a key role for Bap-induced
AAA; however, the mechanism is unclear. Y. Zhou et al. used
a mouse lncRNAs array to investigate the expression signa-
tures of lncRNAs and mRNAs in Bap-activated macrophage.
They found that 8 pathways associated with inflammation
were upregulated, particularly, the AGE-RAGE pathway,
which is involved in Bap-induced dysfunction of endothelial
progenitor cell (EPC). This study provides potential targets
for AAA caused by smoking.

Endothelial dysfunction is an early step in neointima
formation, L. Lv et al. used RNA-sequencing (RNA-seq)
to analyze the expression profiles of lncRNAs in human
stenosed and nonstenotic uremic veins. They identified
unannotated lncRNAs, uc001pwg.1, which was one of the
most significantly downregulated lncRNAs. Further studies
revealed that uc001pwg.1 overexpression could increase
nitric oxide synthase (eNOS) phosphorylation and nitric

oxide (NO) production in endothelial cells (ECs). Mechanis-
tically, uc001pwg.1 improves endothelial function via medi-
ating MCAM expression. This study represents the first
effort of identifying a novel attractive target for improving
arteriovenous fistula (AVF) function in uremic patients.

Yaoliang Tang
Wei Lei

Yanfang Chen
Xiaolong Wang

Mark W. Hamrick
Mi Zhou

References

[1] Y. Tang, Y. Wang, L. Chen, Y. Pan, and N.Weintraub, “Chapter
8 - cross talk between the Notch signaling and noncoding RNA
on the fate of stem cells,” Progress in Molecular Biology and
Translational Science, vol. 111, pp. 175–193, 2012.

[2] M. Tatsuguchi, H. Y. Seok, T. E. Callis et al., “Expression of
microRNAs is dynamically regulated during cardiomyocyte
hypertrophy,” Journal of Molecular and Cellular Cardiology,
vol. 42, no. 6, pp. 1137–1141, 2007.

[3] L. Zhang, M. Zhou, Y. Wang et al., “miR-92a inhibits vascular
smoothmuscle cell apoptosis: role of theMKK4–JNK pathway,”
Apoptosis, vol. 19, no. 6, pp. 975–983, 2014.

[4] L. Chen, M. Ashraf, Y. Wang et al., “The role of notch 1 activa-
tion in cardiosphere derived cell differentiation,” Stem Cells and
Development, vol. 21, no. 12, pp. 2122–2129, 2012.

[5] Y. Wang, L. Zhang, Y. Li et al., “Exosomes/microvesicles from
induced pluripotent stem cells deliver cardioprotective miRNAs
and prevent cardiomyocyte apoptosis in the ischemic myocar-
dium,” International Journal of Cardiology, vol. 192, pp. 61–
69, 2015.

[6] W. Stoorvogel, “Functional transfer of microRNA by exo-
somes,” Blood, vol. 119, no. 3, pp. 646–648, 2012.

[7] Z. Chen, Y. Li, H. Yu et al., “Isolation of extracellular vesicles
from stem cells,” in Extracellular Vesicles, W. Kuo and S. Jia,
Eds., vol. 1660 of Methods in molecular biology, pp. 389–394,
Humana Press, New York, NY, USA, 2017.

[8] M. Hagan, M. Zhou, M. Ashraf et al., “Long noncoding RNAs
and their roles in skeletal muscle fate determination,” Noncod-
ing RNA Investigation, vol. 1, no. 5, 2017.

2 Stem Cells International



Research Article
MicroRNA-1 Regulates the Differentiation of Adipose-Derived
Stem Cells into Cardiomyocyte-Like Cells

Can Chen ,1,2,3 Quanxiang Yan,2 Yiguang Yan,1 Mudi Ma,1 Yuan He,2 Xiaorong Shui,4,5

Zhigang Yang,6,7 Xiaozhong Lan,8 Yaoliang Tang ,5 and Wei Lei 1,2,3

1Laboratory of Cardiovascular Diseases, Guangdong Medical University, Zhanjiang 524001, China
2Cardiovascular Medicine Center, Affiliated Hospital of Guangdong Medical University, Zhanjiang 524001, China
3Precision Medicine Center, Affiliated Hospital of Guangdong Medical University, Zhanjiang 524001, China
4Laboratory of Vascular Surgery, Guangdong Medical University, Zhanjiang 524001, China
5Vascular Biology Center, Department of Medicine, Medical College of Georgia, Augusta University, Augusta, GA, USA
6Department of Hematology, Affiliated Hospital of Guangdong Medical University, Zhanjiang 524001, China
7Central People’s Hospital of Zhanjiang, Zhanjiang 524045, China
8Medicinal Plants Research Centre, Tibet Agricultural and Animal Husbandry College, Nyingchi 860000, China

Correspondence should be addressed to Wei Lei; leiwei2006@126.com

Received 30 June 2017; Revised 11 January 2018; Accepted 31 January 2018; Published 5 April 2018

Academic Editor: Heinrich Sauer

Copyright © 2018 Can Chen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Stem cell transplantation is one of most valuable methods in the treatment of myocardial infarction, and adipose-derived stem cells
(ASCs) are becoming a hot topic in medical research. Previous studies have shown that ASCs can be differentiated into
cardiomyocyte-like cells, but the efficiency and survival rates are low. We investigated the role and mechanism of microRNA-1
(miR-1) in the differentiation of ASCs into cardiomyocyte-like cells. ASCs and cardiomyocytes were isolated from neonatal rats.
We constructed lentivirus for overexpressing miR-1 and used DAPT, an antagonist of the Notch1 pathway, for in vitro analyses.
We performed cocultures with ASCs and cardiomyocytes. The differentiation efficiency of ASCs was detected by cell-specific
surface antigens. Our results showed that miR-1 can promote the expression of Notch1 and reduce the expression of Hes1, a
Notch pathway factor, and overexpression of miR-1 can promote the differentiation of ASCs into cardiomyocyte-like cells,
which may occur by regulating Notch1 and Hes1.

1. Introduction

Myocardial cells are nonregenerative cells that play signifi-
cant roles in maintaining the function of tissue perfusion.
However, after myocardial ischemic-anoxia, fiber scar repair
could lead to reduced contractility, resulting in inadequate
blood supply for important organs, reduced cardiac output,
and even cardiac pump failure, which can greatly affect the
cure of myocardial infarction. Currently, regular treatment
measures for myocardial infarction, cardiac failure, and
arrhythmia have been restricted in use because the myocar-
dium does not completely regenerate. However, the use of
stem cells and progenitor cells after myocardial infarction
has been demonstrated to promote reconstruction and

recovery of cardiac function. As a result, much of the recent
research has been focused on searching for multifunction
cells that could regenerate into myocardial cells, such as
embryonic stem cells, cardiac progenitor cells, endothelial
progenitor cells, and mesenchymal stem cells (MSCs).

Stem cells are a type of highly proliferative cells that can
differentiate to somatic cells. These cells can also be induced
and differentiate into many different kinds of functioning
cells to repair diseased and aging tissues and organs. Based
on the tissue source of the stem cells, the cells can be classified
as adipose-derived stem cells (ASCs), MSCs, and neural stem
cells, among others [1]. Myocardial cell transplantation
methods involve direct injection of stem cells through the
vein and infarcted myocardium. However, the deposition of
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transplanted cells in the myocardium cannot be adequately
controlled, and the nutrient supply can also be severely
destroyed [2–4]. In addition, other factors, including the
hypoxia environment and pH levels, can also make it difficult
for the cardiac progenitor cells to penetrate and survive in the
ischemic myocardial microenvironment [2].

ASCs were first isolated from human lipoplasty by Zuk
et al. in 2001. These cells share the same phenotype as
MSCs and have multidifferentiation functions [5]. ASCs
are abundant and easy to obtain, and therefore, these cells
have become a research focus in many laboratories [6].
Several studies showed that ASCs can differentiate into
cardiomyocyte-like cells and can be transplanted into the
damaged heart to improve heart function [6, 7]. Cai et al.
used DAPI-labeled ASCs to coculture with cardiomyocyte-
like cells for several days, and the ASCs showed spontaneous
contractility [7]. These cells also expressed cTnI and GATA
proteins in helping the repair of impaired myocardium and
improving the heart failure condition in myocardial infarc-
tion rats; however, the differentiation rate and repair abilities
of these cells after in vivo transplantation were low [7, 8].
Thus, it is critical to improve the differentiation efficiency
and curative abilities of ASCs for myocardial infarction.

miRNA-1 (miR-1) is a muscle-specific miRNA that
plays important roles in regulating heart development and
muscle differentiation [9, 10]. miR-1 can promote the dif-
ferentiation of embryonic stem cells and cardiac progenitor
cells to cardiomyocyte-like cells and HeLa and C2C12 cells
to skeletal myogenic cells [11–15]. Moreover, overexpres-
sion of miR-1 arrested development in mice, which further
caused thinning of the wall of the left ventricle and resulted
in heart failure [16]. Knockdown of either miR-1-1 or miR-
1-2 led to aberrations in cardiac morphology, electrophysi-
ological conduction, cell cycle regulation, and other heart
functions [17]. Therefore, better understanding of the func-
tions and related signal pathways of miR-1 may be of great
importance for the use of stem cells and miR-1 to treat
ischemic heart disease.

The Notch signal pathway, consisting of the Notch recep-
tors, ligands, and target genes, plays key roles in cardiomyo-
cyte differentiation and conduction cell lineage [18]. Notch1
plays multiple functions in regulating heart cell differentia-
tion in chicken embryo formation; it not only affects the
conduction system of the ventricle but also controls the
differentiation of heart cells [19]. Furthermore, activated
Notch1 could lead to aberrations in ventricular conduction
[19]. A previous study reported that miR-34a prevented the
proliferation and migration of vascular smooth muscle cells
via regulating Notch1 gene expression [20]. Expression levels
of miR-34a were lower in the injured artery than in the con-
trol. Furthermore, overexpression of miR-34a could signifi-
cantly downregulate the expression of Notch1 and decrease
the proliferation of vascular smooth muscle cells as well as
inhibit the formation of neointima in the damaged femoral
artery [20]. Another study also showed that miR-1 could
promote the differentiation of MSCs into cardiac cells by
decreasing the expression of Hes1, a Notch pathway target
gene [21]. Despite these few studies, the relationship
between miRNAs and Notch in heart development and

myocardial cell proliferation and differentiation has been
largely unknown. In this study, we investigated the role and
potential mechanism of miR-1 in the differentiation of ASCs
into cardiomyocyte-like cells.

2. Materials and Methods

2.1. Separation and Culture of ASCs. The inguinal fat pads
from both sides of male SD mice (4–6 weeks old) were
collected in D-Hanks solution with 1000U/l penicillin-
streptomycin (Solarbio, Beijing, China) and then washed by
D-Hanks solution without antibiotics three times. The
remaining vascular muscle tissues were removed and cut into
1mm× 1mm× 1mm pieces. An equal volume of 0.25% of
EDTA trypsin supplemented with 0.1% of type I collagenase
solution was added, and the samples were gently vibrated
in a 37°C incubator shaker for 45min. An equal volume of
DMEM containing 10% FBS was added to end the digestion.
Cells were collected and centrifuged at 1000 rpm for 10min;
the supernatant was removed and the cells were resuspended
with DMEM supplemented with 10% FBS. After filtering
using a 200-mesh sieve, cells were transferred into a culture
dish and incubated in 37°C with 5% CO2 for 24 h. Medium
was changed every 2 to 3 days. Cells were observed using
a phase-contrast microscope daily. Cell morphology and
proliferating rates were recorded, and when cells reached
80–90% confluence, cells were digested with 0.25% EDTA
trypsin and subcultured into several culture dishes.

2.2. Identification of ASCs

2.2.1. Surface Antigen Analysis. The cell surface antigens
CD29, CD31, and CD45 were detected by flow cytometry
to identify the ASCs. The 3rd, 4th, and 5th generations of
ASCs were collected and divided into two groups (5× 105
cells in each group): the experimental group and the control
group (each group in duplicate). Cells were washed and
resuspended in 500μl of PBS, and 5μl of CD29, CD31 or
CD45 antibody was added. Cells were incubated at 4°C in
the dark for half an hour and then washed by PBS twice
before analysis by flow cytometry.

2.2.2. Osteogenic Induction of ASCs and Identification. The
4th-generation cells were digested by 0.25% EDTA trypsin,
collected, resuspended in DMEM/F12 medium containing
10% FBS, and seeded in 6-well plates. After 24 h of incuba-
tion, the medium was removed and an osteogenesis-
inducing solution was added. The control cells received the
medium only. The medium was exchanged after 3 days,
and cells were induced for 21 days. Cells were then washed
with PBS once and fixed in 4% formaldehyde for 30min at
room temperature. The formaldehyde was removed, and cells
were washed in PBS once and then stained with Alizarin Red
for 5min. The staining solution was removed, and then cells
were washed by PBS three times and observed and photo-
graphed using an inverted microscope.

2.2.3. Adipogenic Induction of ASCs and Identification. The
4th-generation cells were collected and seeded into 6-well
plates. When the cells reached 100% confluence, adipogenic

2 Stem Cells International



inducing solution A was added; after 3 days of incubation, the
medium was replaced with adipogenic inducing solution B
for 24 h and then replaced with solution A. This was repeated
for four more cycles. Solution B was added for another 7 d of
incubation, and the culture medium was changed every 3 d.
The control cells were cultured as normal. After 23 days of
induction, cells were subjected to Oil Red O staining. The
cells were washed with PBS and then observed and photo-
graphed using an inverted microscope.

2.3. Separation and Culture of Cardiomyocytes. A neonatal
mouse (1–3 d old) was immersed in 75% of ethyl alcohol
for 1–2min. The heart was obtained by an infrasternal small
incision and then immersed in D-Hanks solution with
1000U/l penicillin-streptomycin for 10min and then washed
twice in D-Hanks solution without antibiotics. Blood clots
and fibrous tissue around the heart were removed, and only
the tip portion was kept. After three washes in cold PBS,
the heart was cut into 1mm3 pieces; next, 0.25% trypsin
was added and the mixture was gently shaken in a 37°C water
bath for 10min. After 3min, the supernatant was removed,
which mainly contained the red blood cells, dead cells, and
cell debris. Trypsin (5–10ml) was added, and the mixture
was digested at 37°C for 10min. Cells were washed down
using straw, after precipitation. The supernatant containing
digested cells was transferred into a new centrifuge tube con-
taining complete medium. This process was repeated 5-6
times (each round taking approximately 10min) until the tis-
sues were completely digested. The cell suspension was cen-
trifuged at 1000 rpm for 10min, and the supernatant was
removed. The cells were resuspended in medium and then
seeded into a culture flask. After 1 h of culture in 37°C and
5% CO2, the medium, which mainly contained purified
cardiomyocytes (CMs), was gently transferred to another
culture flask. After 24 h culture, the medium was changed
and was exchanged every 2–3 days.

2.4. Vector Construction and Lentivirus Package. The miR-1
overexpression vector was constructed, and the lentivirus
shuttle plasmid and carrier plasmid were prepared. High-
purity endotoxin-free plasmid extraction was performed,
and plasmids were used to transfect 293T cells. After 6 h of
transfection, the medium was removed and exchanged with
a regular medium. After 48 and 72 h of culture, the cellular
supernatant, containing abundant lentivirus particles, was
collected and ultracentrifugation of the supernatant was per-
formed to concentrate the virus. The lentivirus vector con-
tained the GFP reporter gene and puromycin resistance
gene, and thus, the transfection rate could be estimated by
observing GFP fluorescence and the multiplicity of infection
(MOI) could be estimated. The puromycin resistance gene
was used for puromycin screening. The 2nd-generation ASCs
were divided into two transfection groups: lentivirus with
miR-1 overexpression and control lentivirus (produced by
empty vector alone).

2.5. Lentivirus Infection of ASCs. To determine the proper
MOI, ASCs were seeded into 12-well plates, with 2× 104
cells/cm2 in each plate. Cells were infected once they reached

50–70% confluence. We performed preliminary tests to
determine a nontoxic concentration for polybrene (infection
reagent), from 2μg/ml to 8μg/ml in 24 h, and the concentra-
tion was set as 5μg/ml. Each MOI value (10, 20, 40, 60, and
80) was evaluated in duplicate. The day after cells reached
the appropriate confluence, polybrene was added to each well
at the final concentration of 5μg/ml, and then miR-1 lentivi-
rus was added into each well. After 12 h, the medium was
replaced with a fresh medium. After 2 days, GFP was
observed under fluorescence microscope and the cell number
was recorded under a light microscope. The transfection rate
was estimated, and the transfection proportion of different
MOI values was calculated via flow cytometry. The MOI of
60 was established for the following experiments.

For experimental analyses, ASCs were plated in 6-well
plates. The medium was removed and 2ml of polybrene
mixture was added to each well. The lentivirus stock was
taken out of the refrigerator and heated in a 37°C water
bath and then added into plates and mixed with cells.
After 12 h, the medium was replaced with fresh complete
medium, and the cells were cultured at 37°C. At 48 h, GFP
expression was monitored using a fluorescence microscope.
Cells were selected by puromycin screening, and the 3rd
and 4th generations of cells were collected. The miR-1
expression level was detected by qPCR, and the following
experiments were performed.

2.6. DAPT Treatment. The 4th generation of infected ASCs
was divided into six treatment groups: (1) Lv-miR-1-DA:
DAPT-treated miR-1 overexpression group; (2) Lv-miR-
1-DM: DMSO-treated miR-1 overexpression group; (3)
Lv-miR-1: miR-1 overexpression group; (4) Lv-NC-DA:
DAPT-treated control virus-infected group; (5) Lv-NC: con-
trol virus-infected group; and (6) untreated ASCs. The Notch
antagonist DAPT was purchased from Sigma-Aldrich Co.
and used at a concentration of 5μg/ml in groups 1 and 4
[22], and the same dosage of DMSO was added to group 2.
After 5 days, the RNA and total protein were collected.

2.7. Prescreening with Puromycin. To identify the proper con-
centration of puromycin for experimental use, myocardial
cells and lentivirus-infected ASCs were treated with various
concentrations for puromycin (1.3, 1.5, 1.7, and 1.9μg/ml)
and cultured for 7 d. Each concentration was examined in
duplicate. The concentration in which all myocardial cells
died was set as the experimental concentration (1.7μg/ml).

2.8. Coculture of ASCs and CMs. The 3rd-generation ASCs
were divided into three treatment groups: (1) Lv-miR-1-
CMs: ASCs infected with miR-1 overexpression lentivirus
cocultured with CMs for 7 days; 2) Lv-miR-1: ASCs infected
with miR-1 overexpression lentivirus, no coculture; and (3)
Lv-NC-CM: ASCs infected with control lentivirus and cocul-
tured with CMs for 7 days. Two groups of CMs were added:
one was for a puromycin screening control, and the other was
for positive control of myocardium-specific protein expres-
sion in the experimental group. Puromycin screening was
carried out, and the expression of puromycin resistance
genes was identified; the whole process lasted for 7 d. Cells
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were then cultured in standard conditions (DMEM/F12
medium with 10% of FBS in 37°C, 5% of CO2) for two more
generations, and the protein and total RNA were collected.

2.9. Reverse Transcription and qPCR Assay for miR-1.
Total RNA was isolated following the TRIzol method.
U6 was used as an internal reference. The forward primer
used for miR-1 amplification was 5′-GGCGGTGGAATG
TAAAGAAGT-3′; the U6 primers were forward 5′-CTC
GCTTCGGCAGCACA-3′ and reverse 5′-AACGCTTCAC
GAATTTGCGT-3′. Reverse transcription qPCR was carried
out following the manufacturer’s instructions; the reac-
tion condition was 95°C for 10 s and 40 cycles of 95°C
for 5 s and 60°C for 20 s. The 2−ΔCt method was used to ana-
lyze the results, in which ΔCt miR − 1 overexpression =
Ct experimental group − Ct U6 and ΔCt virus control
group = Ct control group − Ct U6 .

2.10. Reverse Transcription and qPCR Assay for GATA4,
cTnI, Notch1, and Hes1 mRNAs. Total RNA was isolated
using the TRIzol method. The AMV enzyme was used for
reverse transcription. Specific primers for GATA4, cTnI,
Notch1, and Hes1 mRNAs were designed and are listed
in Table 1. The qPCR kit was used for detection of GATA4,
cTnI, Notch1, and Hes1 mRNA expression, and the
reaction was carried out on a Roche LightCycler® 480 II.
Reactions were run in triplicate, and β-actin was used as
the internal reference.

2.11. Immunofluorescent Assay. Cells plated on slides were
washed with PBS three times, 3min each, and then fixed in
4% paraformaldehyde for 15min. Slides were then washed
with PBS for three times, 3min each time, and permeabilized
in 0.5% Triton X-100 (dissolved in PBS) for 15min at room
temperature. Cells were washed with PBS three times, 3min
each time. A goat serum blocking reagent was added, and
slides were incubated at room temperature for 30min and
then washed with PBS for 3min. The primary antibodies
(cTnI, connexin 43, Notch1, and Jagged1) were added, and
samples were incubated at 4°C overnight. The slides were
washed with PBS three times, 3min each time, and then incu-
bated with fluorescence secondary antibodies at 37°C for 1 h.
Cells were then washed in PBS three times, 3min each, in a
dark environment. Samples were stained with DAPI for
15min and then washed in PBS three times, 3min each time.
Filter paper was used to absorb the remaining liquid on the
slides, and then an antifluorescence quenching agent was
added to block the slides before slides were observed and
photographed by laser confocal fluorescence microscopy
using a Leica TCS SP5 II fluorescence microscope.

2.12. Statistical Analysis. The data were analyzed using
GraphPad Prism 5.0, and the results are expressed as
mean± SEM. Student’s t-test was performed when com-
paring 2 values, and an ANOVA test was used when
comparing more than 2 samples. P < 0 05 and P < 0 01
were considered statistically significant and very signifi-
cant, respectively.

3. Results

3.1. ASC Phenotype Observation. ASCs were isolated from
inguinal fat pads from male SD mice as described in
Materials and Methods. The cell morphology of the ASCs
cultured in vitro showed rhomboid, polygon, or spindle
shapes, and cells were connected in swirl-like patterns, as
shown in Figure 1.

3.2. ASC Identification

3.2.1. Flow Cytometry Analysis of Various Generations of
ASCs Using Cell Surface Antigens. We next identified ASCs
via the detection of CD29, CD31, and CD45 markers
using flow cytometry. We performed analyses on the 3rd-,
4th-, and 5th-generation ASCs (Figure 2(a)). The flow
cytometry results showed that the CD29+ rate was 98.8±
1.1%, the CD31+ rate was 0.8± 0.5%, and the CD45+ rate
was 6.3± 3.1%. These findings are consistent with the cell
surface antigen expression patterns of MSCs.

3.2.2. Osteoblast Induction and Observation. To evaluate the
effects of osteoblastic induction on ASCs, cells were subjected
to osteoblastic induction as described in Materials and
Methods and then stained with Alizarin Red and observed
under an optical microscope. In comparison with the nonin-
duced cells stained with Alizarin Red, the induced cells
showed the formation of red mineralized nodules after
osteoblastic induction (Figure 2(b)), which confirmed that
ASCs could differentiate into osteoblasts.

3.2.3. Adipogenic Induction and Observation. To evaluate the
effects of adipogenic differentiation on ASCs, cells were sub-
jected to adipogenic induction as described in Materials and
Methods and stained with Oil Red staining. In comparison
with noninduced cells, we clearly observed red lipid droplet
formation in the induced cells (Figure 2(c)), which indicated
that ASCs could differentiate into adipocytes. These results
demonstrate that ASCs exhibit stem cell properties and can
be induced to differentiate into other cell lines.

3.3. ASC Infection with Lentivirus. To examine the potential
functions of miR-1 in ASCs, we first constructed a lentivirus
expressing miR-1 and assessed theMOI concentrations. Cells
infected with the miRNA-1 lentivirus (harboring a GFP

Table 1: Primer sequences.

Name Sequence

cTnI-F 5′-GCAATCCCATTCTCTACCTCTG-3′
cTnI-R 5′-CATCTCCTGCTTCGCAATCT-3′
Gata4-F 5′-GGGACTTTCTCCAGCACAGA-3′
Gata4-R 5′-CTTCCATCCATCACCCTTGT-3′
Hes1-F 5′-GTGGGTCCTAACGCAGTGTC-3′
Hes1-R 5′-TGATTAGCAGTGGCCTGAGC-3′
Notch1-F 5′-CACCCACATTCCAGAGGCAT-3′
Notch1-R 5′-GAGCACTGGAAAGGACTCCC-3′
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marker) atMOI = 60 showed higher levels of GFP compared
with cells infected at MOI = 40, but similar levels as cells
infected with MOI = 80 (Figure 3(a)). Therefore, we used M
OI = 60 for subsequent experiments.

3.4. Detection of miR-1 Expression. To confirm successful
miR-1 expression in miR-1 lentivirus-infected ASCs, we per-
formed qPCR. The 4th generation of ASCs infected with
miR-1-expressing lentivirus (Lv-miR-1 group) and control
lentivirus-infected cells (Lv-NC group) were collected and
examined by qPCR. The results confirmed significantly
higher miR-1 expression levels in Lv-miR-1 cells than in
Lv-NC cells (P < 0 01), as shown in Figure 3(b).

3.5. Expressions of Notch1 and Hes1 after Treatment with
DAPT. We next examined the expression of Notch and
Hes1, a Notch1 target, in ASCs in response to treatment
with DAPT, an antagonist of the Notch pathway. The
ASCs infected with miR-1-expressing lentivirus were
divided into three subgroups: Lv-miR-1-DA (DAPT treat-
ment), Lv-miR-1-DM (DMSO treatment), and Lv-miR-1
(untreated). ASCs infected with control lentivirus were
divided into two subgroups: Lv-NC-DA (DAPT treatment)
and Lv-NC (untreated). Uninfected ASCs were used as
negative control. The indicated groups were treated with
DAPT or DMSO for 7 days. The total protein and RNA
were collected, and Notch1 and Hes1 protein and gene levels
were detected by Western blot and qPCR, respectively, as
shown in Figure 4.

Quantification of the Western blot results showed a
statistically significant increase in Notch1 expression in
the Lv-miR-1 group compared with the Lv-NC group
(P < 0 01) (Figures 4(a) and 4(b)), indicating that miR-
1 expression could induce Notch1 protein levels. The
Notch1 protein expression level was also significantly
higher in the Lv-miR-1-DA group compared with that
in the Lv-NC-DA group. We also observed significantly
lower Notch1 levels in the Lv-miR-1-DA group compared
with the Lv-miR-1-DM group (P < 0 05). The Notch1
mRNA expression level showed a similar increase in Lv-
miR-1 cells compared with the Lv-NC group (P < 0 01) and
in the Lv-miR-1-DA group compared with the Lv-NC-DA

group, and Notch1 mRNA was similarly decreased in the
Lv-miR-1-DA group compared with the Lv-miR-1-DM
group (P < 0 05) (Figure 4(d)). Together, these results sug-
gested that DAPT treatment resulted in reduced Notch1
mRNA and protein levels and miR-1 could promote Notch1
mRNA and protein expression.

The Hes1 protein expression level was lower in Lv-miR-1
cells than that in Lv-NC cells (P < 0 05) and lower in Lv-miR-
1-DA cells compared with Lv-NC-DA cells (P < 0 01)
(Figure 4(c)). Hes1 mRNA levels were also significantly lower
in the Lv-miR-1 group than in the Lv-NC group (P < 0 05)
and in the Lv-miR-1-DA group compared with the Lv-NC-
DA group (P < 0 01) (Figure 4(e)). Together, these results
indicated that miR-1 could reduce the expression of the
Hes1 gene and protein.

3.6. Effect of miR-1 on ASCs Cocultured with CMs. The 3rd-
generation miRNA-1 or control lentivirus-infected ASCs
were divided into treatment groups as follows: (1) Lv-miR-
1-CMs (miR-1-expressing cells cocultured with CMs), (2)
Lv-miR-1 (miR-1-expressing cells), (3) Lv-NC-CMs (control
infected cells cocultured with CMs), and (4) Lv-NC (control
infected cells). ASCs infected with miRNA-1 or control
lentivirus were cocultured with CMs for 7 days and then
screened with 1.7μg/ml of puromycin for 7 days. Two more
CM groups were set as control groups: one was used as the
control of puromycin screening, and the other was used as
a control for myocardial marker protein expression in the
experiment group. The puromycin-resistant cells were then
cultured for another two generations, and the total RNA
and protein were collected to evaluate the gene and protein
expression levels of Hes1, Notch1, cTnI (a myocardium-
specific factor), and GATA4 (a myocardium-specific tran-
scription factor) (Figure 5).

While the miR-1-expressing cells (Lv-miR-1 group)
showed mostly absent cTnI and GATA4 protein expression
levels, upon coculturewithCMs (Lv-miR-1-CMs group), both
protein levels significantly increased (P < 0 05) (Figures 5(b)
and 5(c)). Notably, the expression of these proteins was also
significantly higher in the miR-1-expressing coculture group
(Lv-miR-1-CMs group) compared with control cocultured
cells (Lv-NC-CMs) (P < 0 05). Similarly, the Notch1 protein

(a) (b)

Figure 1: Light microscopy images of ASCs. (a, b) Two different fields of cultured ASCs. Magnification, ×100.

5Stem Cells International



−114 −100

−109
0

0

−121
0

P2 P2

P2P2

0
50

100
150
200
250
300
350
400
450

C
ou

nt

0 104 105103102

104 105103102 104 105103102

104 105103102

CD29 FITC-A

CD45 PE-Cy5-ACD31 PE-A

0

50

100

150

200

250

300

350

C
ou

nt

A B

C D

0

50

100

150

200

250

300

C
ou

nt

0

50

100

150

200

250

C
ou

nt

(a)

A B C
(b)

A B C
(c)

Figure 2: Identification of ASCs. (a) Cell surface antigen detection results of ASCs using flow cytometry. (A) Negative control ASCs treated
with PBS. (B) CD29 FITC-labeled ASCs. The positive rate was 99.8%. (C) CD31PE-A labeled ASCs. The positive rate was 0.3%. (D) CD45 PE-
CY5-A labeled ASCs. (b) Osteoblast induction and Alizarin Red staining of ASCs. (A) Control ASCs without induction, dyed with Alizarin
Red. Magnification, ×40. (B and C) Differentiated ASCs dyed with Alizarin Red. Red mineralized nodules can be observed. Magnification,
×100 (B) and ×200 (C). (c) Adipogenic induction and Oil Red O staining of ASCs. (A) Control ASCs without induction, dyed with Oil
Red O. Magnification, ×40. (B and C) Differentiated ASCs dyed with Oil Red O; cells showed red droplet formation. Magnification, ×100
(B) and ×200 (C).
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expression level was also higher in the Lv-miR-1-CMs group
compared with that in the Lv-miR-1 group as well as the Lv-
NC-CM group (P < 0 05) (Figure 5(d)). Hes1 protein showed
a different expression pattern; no changes were observed in
miR-1-expressing cells upon coculture (Lv-miR-1-CMs and
Lv-miR-1 groups), although a reduced expression level was
detected in Lv-miR-1-CMs compared with the control Lv-
NC-CM group (P < 0 05) (Figure 5(e)).

Overall, we observed similar trends in the qPCR results
with the protein expression patterns. The cTnI, GATA4,
and Notch 1 gene expression levels were all significantly
higher in the Lv-miR-1-CM group than in Lv-miR-1 and
Lv-NC-CM groups (P < 0 05) (Figures 5(f)–5(h)). Consistent
with the protein expression results, the Hes1 gene expression
level was lower in the Lv-miR-1-CM group than in the Lv-
NC-CM group (P < 0 05) (Figure 5(i)).

These data also indicated that the expression levels of
Hes1 and Notch1 in the Lv-miR-1-CM and Lv-NC-CM
groups (after coculture) showed no significant difference
compared with the noncocultured groups. However, GATA4
and cTnI expression levels were upregulated in miRNA-1-
expressing cells after coculture (Lv-miR-1-CMs compared
with Lv-miR-1 cells), which proved that miR-1 could
promote the differentiation of ASCs into cardiomyocyte-
like cells.

3.7. Immunofluorescent Assay Results. We next performed
immunofluorescence detection of GATA4 in Lv-miR-1-
CMs, Lv-NC-CMs, and Lv-miR-1 cells (Figure 6). Consistent
with the results above, the miR-1-expressing cells (Lv-miR-1
group) showed low expression of GATA4 (red fluorescence)
and coculture with CMs (Lv-miR-1-CMs) resulted in a
higher number of cells expressing GATA4. We also found
that GATA4 expression in the Lv-miR-1-CM group was
higher than that in the Lv-NC-CM group.

4. Discussion

Stem cell transplantation has been widely used as a myocar-
dial regeneration method in treating myocardial infarction
and can reduce long-term mortality and mitigate heart
failure after acute myocardial infarction. Multipotential stem
cells can be derived from fat tissue, as it contains abundant
MSCs that can rapidly proliferate and differentiate into many
cell lineages in vitro [23]. Furthermore, small animal models
have shown that transplanted stem cells can express endothe-
lium andmyocardiummarkers, which could improve cardiac
function after myocardial infarction [24]. ASCs can differen-
tiate into myocardial cells and vascular cells, which further
increase the expression of VEGF and neovascularization
[25]. ASCs are abundant and easy to obtain. The

A B C

(a)

0
2.0 × 10−6

4.0 × 10−6

6.0 × 10−6

8.0 × 10−6

1.0 × 10−5

0.020

0.025

0.030

0.035

0.040

m
iR

-1
 ex

pr
es

sio
n 

le
ve

l

Lv-miR-1Lv-NC

⁎⁎

(b)

Figure 3: ASCs infected with microRNA-1 lentivirus. (a) Immunofluorescence microscopy of GFP in ASCs infected with miRNA-1
lentivirus. GFP expression in ASCs after 48 h infection with miRNA-1-expressing lentivirus at (A) MOI = 40, (B) MOI = 60, and (C)
MOI = 80. (b) miR-1 expression level in miR-1-expressing ASCs. qPCR for miRNA-1 expression in 4th-generation ASCs infected with
miRNA-expressing lentivirus (Lv-miR-1 group) or control lentivirus (Lv-NC group). ∗∗P < 0 01.
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transplantation of bone marrow stromal cells (BMSCs)
and ASCs into the myocardium after myocardial infarction
could optimize the anti-inflammatory cytokine level with no

obvious inflammation reaction. Furthermore, ASCs can sig-
nificantly improve heart function and reduce the infarction
area and showed better effects than BMSC transplantation
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Figure 4: Notch1 and Hes1 protein and gene expression levels in miRNA-1-expressing ASCs after DAPT treatment. ASCs infected with
miRNA-1-expressing lentivirus were treated for 7 days with DAPT (Lv-miR-1-DA) or DMSO (Lv-miR-1-DM) or untreated (Lv-miR-1).
ASCs infected with control lentivirus were treated for 7 days with DAPT (Lv-NC-DA) or untreated (Lv-NC). Uninfected ASCs were used
as negative control. (a) Western blot results of Notch1 and Hes1 protein expression. GAPDH was used as normalization control. (b and c)
Quantification of the relative expression level of each protein compared with the control. ∗ and ∗∗ as determined by one-way ANOVA. (d
and e) Notch1 and Hes1 mRNA levels compared with control. ∗ and ∗∗ as determined by one-way ANOVA.
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Figure 5: Continued.
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can [26]. In this study, we demonstrated that ASCs can
differentiate into MSCs and showed a positive expression
of CD29 and a negative expression of CD31 and CD45.
ASCs can also be induced into osteoblasts and adipocytes.
Previous studies showed that in vitro transplantation of
ASCs showed low efficiency in differentiation into
cardiomyocyte-like cells, of which the repair effect has
been greatly restricted. Thus, the promotion of the differ-
entiation rate from ASCs into cardiomyocyte-like cells is
a key point in improving the ASC treatment effect on
myocardial infarction.

MiRNAs are a type of endogenous noncoding small RNA
with a length of 18–22 bp. Previous studies have shown that
miRNAs play important roles in various cellular processes,
including proliferation, differentiation, and apoptosis, as well
as cardiac differentiation [27, 28]. miRNAs regulate signal
pathways via the regulation of target gene expression [29].
Previous studies showed that miR-1 can promote the differ-
entiation of mouse and human embryonic stem cells into
myocardial cells after 4 days of embryoid body differentia-
tion. miR-1 expression was detected in the mesoblast of mice
and promoted the expression of the molecular marker Bry in
the early mesoderm of pluripotent stem cells. On the 6th and
10th days of embryoid body differentiation, overexpression
of miR-1 increased the expression of the early cardiac marker
and transcription factor Nkx2.5 [11].

The myocardium-specific gene cTnI and myocardium-
specific transcription factor GATA4 show specific expression
in myocardial cells, and their expression levels were higher in
cardiomyocyte-like cells compared with other cell lines.
GATA family proteins are zinc finger protein transcription
factors that show a tissue-specific expression and play impor-
tant roles in multiple tissues and processes, especially in mus-
cular tissue differentiation and development. GATA4 plays
significant roles in myocardial differentiation and develop-
ment, and its expression is closely related to the cardiomyo-
cyte markers β-myosin heavy chain, calcium and sodium,
and the transcription and expression of cardiac troponin.
Moreover, GATA4 is expressed during the entire mouse
heart development, and its expression in cardiac muscle is

sustained until birth [30]. In this study, ASCs cultured
for 7 days in the myocardial microenvironment showed
higher expression levels of cTnI and GATA4 compared
with the control group. Importantly, we found that over-
expression of miR-1 in ASCs in coculture conditions pro-
moted ASC differentiation into cardiomyocyte-like cells to
higher levels than control ASCs in coculture conditions.
ASCs overexpressing miR-1 (without coculture) showed no
obvious expression of cTnI and GATA4. These results indi-
cate that miRNA-1 overexpression is closely related with
the differentiation of ASCs into cardiomyocyte-like cells,
but the specific underlying mechanisms have been unknown.

The Notch signal pathway is highly conserved and plays
multiple roles in regulating cell differentiation, proliferation,
and apoptosis. Abnormalities in the Notch pathway would
lead to evolutionary changes of multicellular organisms and
various human diseases. The Notch signal pathway consists
of multiple ligands, receptors, and target genes, including
four homologous receptors (Notch1–4) and five homologous
Notch ligands (Delta like(Dll)1, Delta like(Dll)3, Delta
like(Dll)4, Jaggedl, and Jagged2) in humans.

Previous studies have examined the role of the Notch sig-
nal pathway in MSC differentiation into osteoblasts, but the
results have been controversial. An in vitro study showed that
Notch plays dual roles in inducing the differentiation of
MSCs into osteoblasts [31]. Notch1 showed higher expres-
sion levels in a coculture model of MSCs andmyocardial cells
in vitro compared with MSCs cultured alone. In the process
of BMSCs undergoing osteogenic differentiation, an upregu-
lated expression of Notch was detected, which indicated that
activation of the Notch signal could promote osteogenesis,
and Notch played important roles in regulating BMSC prolif-
eration and differentiation. Moreover, differentiated MSCs
showed significantly higher Notch1 expression levels than
proliferating MSCs [32]. Our results suggest that miR-1
may promote the differentiation of BMSCs into myocardial
cells by downregulation of the Notch target gene, Hes1 [21].

As our results demonstrated, miR-1 could regulate the
expression of Hes1 and Notch1 in the Notch signal pathway.
Overexpression of miR-1 in ASCs resulted in reduced Hes1
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Figure 5: Expression levels of Notch1, Hes1, cTnI, and GATA4 proteins in ASCs after coculture with CMs. Three groups of 3rd-generation
lentivirus (Lv)-infected ASCs were examined as follows: (1) Lv-miR-1-CMs (miRNA-1-expressing cells cocultured with CMs), (2) Lv-miR-1
(miRNA-1-expressing ASCs), and (3) Lv-NC-CMs (control infected ASCs cocultured with CMs). (a) Western blot analysis of the indicated
proteins. GAPDH was used as normalization control. (b–e) Quantification of cTnI, GATA4, Notch1, and Hes1 protein levels, as indicated.
(f–i) mRNA expression levels of cTnI, GATA4, Notch1, and Hes1, as indicated. ∗P < 0 05 and ∗∗P < 0 01.
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expression and increased protein and mRNA expression of
Notch1. Even after blocking of Notch1 protein expression
by DAPT, miR-1 was still able to promote Notch1 expres-
sion. After transdifferentiation of ASCs, the Notch1 expres-
sion level was higher in the Lv-miR-1-CMs group than in
the Lv-miR-1 group, which demonstrated that miR-1 regu-
lated the Notch pathway-related receptors. These results
demonstrated that miR-1 overexpression and coculture with
myocardial cells created a microenvironment that together
promoted ASC differentiation into myocardial cells.

This study investigated the mechanisms of miR-1 in
regulating the differentiation of ASCs into cardiomyocyte-
like cells. Our results showed that ASCs could be induced
to differentiate into cardiomyocyte-like cells in the myocar-
dial microenvironment and express cardiomyocyte-specific
markers. Overexpression of miR-1 could promote the differ-
entiation process, and the cardiomyocyte-specific markers
cTnI and GATA4 showed significantly higher expression

levels in miRNA-1-overexpressing cells compared with
controls in coculture conditions. In noninduced ASCs,
DAPT treatment resulted in downregulation of Notch1 pro-
tein expression; further, Notch1 expression levels in the
miRNA-1-overexpressing group were higher than in the
control group, which indicated that miRNA-1 promoted
the expression of Notch1 in ASCs. DAPT treatment caused
no changes in the Notch1 pathway target gene Hes1 in ASCs,
but in the miR-1 overexpression group, Hes1 expression was
significantly downregulated. After induction of differentia-
tion, Notch1 and Hes1 expression levels were almost the
same as those preinduction. Therefore, in the process of
miR-1 promoting stem cell differentiation, miR-1 appears
to activate the Notch pathway, which resulted in the increase
of Notch1 receptors and the reduced expression of the Hes1
target gene, which resulted in induction of ASC differentia-
tion. The specific mechanisms of how Notch1 and Hes1
affect ASC differentiation into myocardial cells are still

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

(p) (q) (r) (s) (t)

Figure 6: Immunofluorescence detection of the myocardium-specific transcription factor GATA in ASCs overexpressing miRNA-1 and
cocultured with CMs. Five groups of 3rd-generation lentivirus (Lv)-infected ASCs and/or CMs were examined as follows: (a–d) CMs
alone; (e–h) Lv-miR-1-CMs (miRNA-1-expressing ASCs cocultured with CMs); (i–l) Lv-NC-CMs (control infected ASCs cocultured with
CMs); (m–p) Lv-miR-1 cells (miRNA-1-expressing ASCs); (q–t) ASCs alone. (a, e, i, m, and q) Merged images; (b, f, j, n, and r) DAPI
fluorescence stain; (c, g, k, o, and s) GFP, indicating ASC fluorescence labeling; (d, h, l, p and t) red fluorescence, indicating GATA4.
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unknown, and further experiments should be carried out to
investigate the underlying mechanisms.

5. Conclusions

In conclusion, our findings showed that miR-1 could
promote the differentiation of ASCs in the myocardial
microenvironment, and this may be regulated by mecha-
nisms involving Notch1-Hes1. Based on the identification
of this pathway in ASC differentiation, future studies could
examine the use of gene overexpression or silencing to
improve the differentiation rate of ASCs and increase the
survival rate of ASCs in vivo.
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Recent studies indicate important roles for long noncoding RNAs (lncRNAs) as essential regulators of gene expression. However,
the specific roles of lncRNAs in stenotic lesions of arteriovenous fistula (AVF) failure are still largely unknown. We first analyzed
the expression profiles of lncRNAs in human stenosed and nonstenotic uremic veins using RNA-sequencing methodology. A total
of 19 lncRNAs were found to be differentially expressed in stenotic lesions. Among these, uc001pwg.1 was one of the most
significantly downregulated lncRNAs and enriched in both control vein segments and human umbilical vein endothelial cells
(HUVECs). Further studies revealed that uc001pwg.1 overexpression could increase nitric oxide synthase (eNOS)
phosphorylation and nitric oxide (NO) production in endothelial cells (ECs) derived from human-induced pluripotent stem
cells (HiPSCs). Mechanistically, uc001pwg.1 improves endothelial function via mediating MCAM expression. This study
represents the first effort of identifying a novel candidate lncRNA for modulating the function of iPSC-ECs, which may facilitate
the improvement of stem cell-based therapies for AVF failure.

1. Introduction

Patients with end-stage renal disease rely on hemodialysis,
which requires a vascular access providing high blood flow
rates preferably achieved through an AVF conduit [1]. How-
ever, the problems associated with vascular access dysfunc-
tion are the most common reason for increased morbidity,
mortality, and length of in-hospital stay for patients and rep-
resent major clinical, social, and financial burden even for the
developed countries [2, 3]. Venous neointimal hyperplasia
(NH) is the predominant cause of stenosis.

Histological investigations have confirmed that venous
neointimal hyperplasia is the predominant cause of stenotic
lesions of AVF failure [4]. AVF stenosis occurs at the outflow
vein due to venous neointimal hyperplasia and results in the
failure of 60% of AVFs within 2 years [5]. Currently, there are
no prophylactic treatments to ameliorate the progression of
neointimal hyperplasia in AVFs. Percutaneous transluminal
angioplasty for stenosis in functioning forearmAVF has been
found to significantly improve patency and decrease access-

related morbidity [6]. However, the disadvantages of these
procedures are that they require frequent revision as the
12-month patency rate can be as low as 26% [7]. At present,
there is minimal understanding of pathological and molecu-
lar mechanisms in AVF failure. The endothelial cell (EC)
monolayer is at the interface between the extravascular space
and blood, playing a crucial role in the modulation of vascu-
lar homeostasis [8]. Endothelial dysfunction has been impli-
cated as an early step in the pathogenesis of neointima [9].
Therefore, improving endothelial function is critical for the
prevention and treatment of neointima.

Long noncoding RNAs (lncRNAs) represent a diverse
type of long RNA molecules lacking protein-coding capacity,
with a length of larger than 200 nucleotides [10, 11]. A grow-
ing body of work has proved that lncRNAs play essential
roles in a variety of biological processes, such as cell growth,
differentiation, and immune response. However, insufficient
information is available about the effect of lncRNAs in the
context of AVF failure and about the role of lncRNAs in
endothelial function.
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In the current study, we examined the expression profiles
of lncRNAs in stenosed vein segments of primary AVFs from
uremic patients via RNA-sequencing analysis. In addition,
we identified an unannotated lncRNA, uc001pwg.1, which
positively regulates the function of a stem cell type, ECs
derived from human-induced pluripotent stem cells
(HiPSCs), which is more applicable for future translational
and clinical research. During this process, uc001pwg.1 regu-
lates the expression of melanoma cell adhesion molecule
(MCAM). Based on these findings, we suggest that
uc001pwg.1 may offer an attractive target for improving
AVF function in uremic patients.

2. Material and Methods

2.1. Patients and Tissue Samples. This study was given ethi-
cal approval by the Renji Hospital Ethical Committee,
Shanghai, China. All participants provided written informed
consent to participate in this study. Stenosed vein segments
were harvested from the primary AVFs just distal to the
anastomosis at the time of surgical revision in 4 patients.
Control vein segments were harvested from 3 predialytic
patients at the time of their first operation for vascular access
[12]. The two groups were statistically similar in sex and age.
A detailed description of the two groups is provided in
Supplementary Table 1.

2.2. RNA-Sequencing Analysis and Gene Ontology Analysis.
LncRNA-Seq high-throughput sequencing and subsequent
bioinformatics analysis were all done by CloudSeq Biotech
(Shanghai, China). Briefly, paired-end reads were harvested
from Illumina HiSeq 4000 sequencer and were quality con-
trolled by Q30. After 3′ adaptor-trimming and low quality
reads removing by the cutadapt software (v1.9.3), the high-
quality trimmed reads were aligned to the reference genome
(UCSC HG19) guided by the Ensembl GFF gene annotation
file with the hisat2 software (v2.0.4). Then, the cuffdiff soft-
ware (v2.2.1, part of cufflinks) was used to get the gene level
FPKM as the expression profiles of lncRNA, and fold change
and q value were calculated based on FPKM, and differentially
expressed LncRNAs were identified. Differentially expressed
lncRNAs with statistical significance were identified through
volcano plot filtering and fold-change filtering. Finally,
hierarchical clustering was performed based on differentially
expressed lncRNAs using Cluster Tree view software
(Stanford University, Palo Alto, CA, USA). A gene ontology
(GO) analysis was performed to characterize genes and gene
products in terms of the biological process, cellular compo-
nent, and molecular function. Fisher’s exact test was used to
find if there was overlap between the differentially expressed
list and the GO annotation list.

2.3. Generation of iPSC-ECs. HiPSCs were generated in our
laboratory previously. HiPSCs are routinely maintained on
Matrigel (BD, 356234)-coated plates in TeSR-E8media (Stem
Cell) and passaged mechanically. Differentiation will be
induced two days after passaging colonies by replacing
TeSR-E8 medium with differentiation media based on
α-MEM (Gibco) and timed addition of the following factors:

25 ng/ml Activin A (PeproTech, AF-120-14E), 30 ng/ml bone
morphogenetic protein (BMP) 4 (PeproTech, AF-120-05ET),
50 ng/ml VEGF 165 (R&D Systems, 293-VE), and the small
molecule inhibitor CHIR99021 (Selleck, S1263). On day 3
and day 7 of differentiation, the medium will be refreshed
with α-MEM containing 50 ng/ml VEGF and 10μmol/L
SB43152 (PeproTech, 1614) only. Single-cell suspensions
were incubated with PE-conjugated anti-human CD31 anti-
body, and flow cytometry was used to purify the ECs.
The purity of the HiPSC-EC was >90% by phenotype
and CD31 immunostaining.

2.4. Cell Culture. Human umbilical vein endothelial cells
(HUVECs), umbilical vein smoothmuscle cells (HUVSMCs),
and human pulmonary artery fibroblasts (HPAFs) were
purchased from ScienCell (Carlsbad, CA, USA) and were
cultured in fully supplemented endothelial growth medium
(EGM-2, Lonza, Walkersville, MD, USA), smoothmuscle cell
medium (SMCM, ScienCell), and fibroblastmedium (SMCM,
ScienCell), respectively.

2.5. HiPSC-EC Transduction. Adenoviral vectors containing
uc001pwg.1 and control adenoviruses were purchased from
GeneChem Inc. (GeneChem, Shanghai). HiPSC-ECs were
grown in EC growth medium (cat. number MCDB-131C,
Vec Technologies) to 80% confluence and treated with ade-
noviruses containing uc001pwg.1 or control adenoviruses.
Eighteen hours after adenoviral transduction, fresh media
was added to the cells, and 3 days after transduction, transfec-
tion efficiency was confirmed by qRT-PCR.

2.6. Quantitative Real-Time PCR (qRT-PCR). Total RNA was
extracted from samples using TRIzol reagent (Invitrogen) and
converted into cDNAusing the Fermentas RTkit according to
themanufacturer’s instructions. PCRwas performed in a total
reaction volume of 25μL, containing 12.5μL SYBRPremix Ex
Taq (2x), 2μL cDNA, 1μL forward primer (10μM), 1μL
reverse primer (10μM), 0.5μL ROX Reference Dye II (50x),
and 8μL double-distilled water. Amplification efficiency was
evaluated via standard curve analysis. All samples were nor-
malized to GAPDH, and the experiment was repeated three
times. The following primers were used:

uc001pwg.1, forward: 5′-GCTGTGATTGTGTGCATCCT-
3′, reverse: 5′-GAAGAGTGAGCAGGGAGCTG-3′; GAPDH,
forward: 5′-GGCCTCCAAGGAGTAAGACC-3′, reverse: 5′
-AGGGGAGATTCAGTGTGGTG-3′.

2.7.Western Blotting. The primary antibodies against MCAM
(1 : 1000), eNOS (1 : 1000), phosphorylation eNOS (Ser1177)
(1 : 1000), and GAPDH (1 : 1000) were purchased from Cell
Signaling Technology (Danvers, MA). Western blot analyses
were carried out as previously reported [12].

2.8. Detection of NO. NO release was measured by using
DAF-FM diacetate. Briefly, HiPSC-ECs were seeded on glass
coverslips. 48 h after transduction, the cells were incubated
with DMEM containing DAF-FM (5μM) for 30min in the
dark at 37°C and then washed with PBS. Images were
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obtained using fluorescence microscopy (Olympus America
Inc., NY, USA).

2.9. Statistical Analysis. Results are expressed as mean±
standard deviation. The data were monitored using two-
tailed t-test and chi-square test as appropriate. Data analyses
were performed using GraphPad 5.0 software. The signifi-
cance threshold was defined by a P value of <0.05.

3. Results

3.1. uc001pwg.1 Is Downregulated in Stenotic Veins of AVF.
To explore the potential biological functions of lncRNAs in
stenotic lesions of AVF failure, we examined the expression
patterns of lncRNAs in stenotic veins of AVF and control
veins. As shown in Figure 1(a), 142 lncRNAs were observed
as differentially expressed, with 51 lncRNAs upregulated
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Figure 1: Long noncoding RNA (lncRNA) profiles differentiate the stenosed vein segments of arteriovenous fistulas (AVFs) from the control
segments. (a) A volcano plot provided the fold change and P values of differentially expressed lncRNAs. The vertical lines represent a 1.5-fold
change in expression (up or down), and the horizontal lines represent P values = 0.05. (b) Heatmap of selected aberrantly expressed lncRNAs
in the stenosed vein segments of AVF and the controls. Colors indicate relative signal intensities: red and green colors indicate upregulated
and downregulated lncRNAs, respectively. (c) Verification of uc001pwg.1 by quantitative reverse-transcription polymerase chain reaction
(qRT-PCR) in the stenosed vein segments of AVF and the controls. (d) qRT-PCR analysis of uc001pwg.1 in different human vessel cells
(VSMC: vein smooth muscle cells; EC: endothelial cells; F: fibroblasts). Triplicate assays were done for each RNA sample, and the relative
amount of uc001pwg.1 was normalized to GAPDH. Values are expressed as mean± standard deviation. ∗P < 0 05.
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(a)

(b)

(c)

Figure 2: Characterization and differentiation of endothelial cells (ECs) derived from human induced pluripotent stem cells (HiPSCs). (a)
FACS analysis showing the CD31 positive cells population upon differentiation protocol. FACS sorting by the endothelial markers CD31
at day 10. Efficiency to generate CD31-positive cells was 16.8%. (b) Differentiation of HiPS toward ECs. A phase-contrast image of cell
appearance at 0 day (top left panel), 3 days (top right panel), 7 days (bottom left panel), and 10 days (bottom right panel) after
differentiation. Scale bar = 50μm. (c) Immunofluorescent images of CD 31-positive HiPSC-ECs on day 10 during EC differentiation.
DAPI was used and stained the cell nucleus. Scale bar = 50μm.
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and 91 lncRNAs downregulated in the stenosis group
compared to the control group. Detailed information regard-
ing the differentially expressed lncRNAs is shown in Supple-
mentary Table 2. The aberrantly expressed lncRNAs were
further subjected to GO analysis (Supplementary Figure 1).
Our data showed that some genes related to cell adhesion
and junction, cellmigration,membrane raft, and so forthwere
significantly enriched.

Afterward, we removed lncRNAs that were not expressed
in the mainly same trend. We kept lncRNAs with at least a
threefold change, P < 0 05 and FPKM> 0.1 in at least 2
samples. Finally, 19 lncRNAs which met our strict inclusion
criteria were selected. Organization of the expression profiles
into heatmaps better describes the expression patterns of
lncRNAs (Figure 1(b)). Among the decreased lncRNAs, we
identified a novel lncRNA (named uc001pwg.1), which was
located on chromosome11 (119179240-119192231), enriched
in both control vein segments andHUVECs (Figures 1(c) and
1(d)). Consistent with the microarray data, uc001pwg.1 is
shown to be significantly suppressed in stenotic veins of
AVF using qPCR (Figure 1(c)).

3.2. uc001pwg.1 Enhances the Function of HiPSC-ECs. Recent
findings have indicated that HiPSC-derived cells represent an
ideal tool for drug testing and might hold remarkable poten-
tial in personalized regenerative cell therapies [10]. We tried
to evaluate the function of HiPSC-ECs by uc001pwg.1
overexpression. Firstly, we successfully generated ECs from
HiPSCs. The HiPSC-ECs were isolated by fluorescent-
activated cell sorting after 10 days of differentiation and
then expanded for further characterization (Figure 2(a)).
The typical yield of ECs generated from the HiPSC line
ranged between 11% and 20%. The expanded HiPSC-ECs
formed a “cobblestone” monolayer, and immunofluores-
cence staining revealed that these cells were positive for
endothelial marker CD31 (Figures 2(b) and 2(c)).

HiPSC-ECs were then transfected with adenovirus-
mediated uc001pwg.1 to upregulate uc001pwg.1 expression.
The overexpression of uc001pwg.1 in HiPSC-ECs was con-
firmed by qRT-PCR (Figure 3(a)). Following adenovirus
transductionwithuc001pwg.1, these cells showedsignificantly
higher NO production compared to controls (Figure 3(b)).
The effect of uc001pwg.1 on eNOS phosphorylation was also

0
uc001pwg.1

Re
lat

iv
e e

xp
re

ss
io

n 
of

 u
c0

01
pw

g.
1

Control

⁎⁎

1

2

3

4

(a)

uc001pwg.1 Control

⁎⁎

0

Fl
uo

re
sc

en
ce

 in
de

ns
ity

 (A
.U

.)

1000

2000

3000

4000

5000

(b)

uc001pwg.1

p-eNOS

eNOS

CON

(c)

uc001pwg.1 Control

⁎⁎
p-

eN
O

S/
eN

O
S

0.0

0.2

0.6

0.4

0.8

1.0

(d)

Figure 3: Functional assessment of HiPSC-ECs with or without viral transduction of uc001pwg.1. (a) qRT-PCR analysis of uc001pwg.1 in
HiPSC-ECs as an indication of transduction efficiency. (b) The effect of uc001pwg.1 on nitric oxide (NO) generation in HiPSC-ECs using
the cell-permeable fluorescent NO indicator DAF-FM. (c) Western blot analysis of endothelial nitric oxide synthase (eNOS)
phosphorylation at Ser117 in HiPSC-ECs with overexpression of uc001pwg.1. (d) Bands were quantified by densitometric analysis, and the
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assessed by Western blotting. We found that uc001pwg.1
significantly increased eNOS-Ser1177 phosphorylation in
HiPSC-ECs (Figures 3(c) and 3(d)). These results suggest that
uc001pwg.1 is able to functionally improve ECs derived
from HiPSCs.

3.3. uc001pwg.1 Negatively Regulates the Expression of
MCAM. After confirming the effect of uc001pwg.1 on
improving endothelial function, we further explored the
underlying mechanism in this process. LncRNA can serve as
one of the most vital intermediate phenotype on regulating
mRNA expression. However, as a relatively novel kind of
transcripts, the regulation relation between lncRNA and its
putative target is barely known [13]. Thus, it attracted our
attention to elucidate the effect of uc001pwg.1 on its associ-
ated gene RNA. On the basis of bioinformatics data, we found
that MCAM is an mRNA neighboring uc001pwg.1 (exon
sense-overlapping) in the lncRNA-mRNA network and is
extensively implicated in a variety of oncogenic signaling
transduction pathways [14]. After uc001pwg.1 upregulation,
an obvious decrease in MCAM expression was observed at
both mRNA and protein levels (Figure 4). Therefore, we pos-
tulate that uc001pwg.1 enhances the function of HiPSC-ECs
by downregulating MCAM expression.

4. Discussion

Recently, a number of lncRNAs have been identified as an
important controller of cellular functions via regulating
RNA transcription, degradation, and translation. In the pres-
ent study, the expression profiles of lncRNAs in human ste-
nosed and nonstenotic uremic veins were examined via
RNA-sequencing analysis. Long noncoding uc001pwg.1,
originally discovered by UCSC_knownGene, is located on
chromosome 11 with a length of 441 bps. Our current study
found that lncRNA uc001pwg.1 was found enriched in both
control vein segments and HUVECs and was emphasized
via qRT-PCR validation as a consequence. Furthermore,
HiPSC-ECs that have broader prospects in medical appli-
cation were used in our research. We revealed that upreg-
ulated uc001pwg.1 enhanced the function of HiPSC-ECs.
Meanwhile, our results presented that uc001pwg.1 overex-
pression led to the downregulation of MCAM expression,
which showed a novel mechanism by which uc001pwg.1
played a vital role in endothelial function through mediat-
ing the expression of MCAM.

Our data clearly showed that effects of lncRNA
uc001pwg.1 on the function of HiPSC-ECs by overexpressing
the lncRNA. DAF-FM diacetate assay results indicated
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Figure 4: The regulatory effect of uc001pwg.1 on MCAM expression (a) The MCAM mRNA level in HiPSC-ECs after uc001pwg.1
upregulation by qRT-PCR analysis. (b) The MCAM protein level in HiPSC-ECs after uc001pwg.1 upregulation by Western blot analysis.
(c) Bands were quantified by densitometric analysis, and the results are shown as relative density compared with control. Values expressed
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that NO production was promoted in HiPSC-ECs upon
uc001pwg.1 overexpression. Additionally, we found that
enhanced uc001pwg.1 could increase the eNOS phosphor-
ylation in HiPSC-ECs. Mounting evidence suggests that
the hallmark of endothelial dysfunction is the reduction
in the bioavailability of NO [15, 16]. Early processes
involved with both expansive and constrictive vascular
remodeling are usually mediated by vasomotor changes.
In parallel with the importance of NO for initiating
vasodilatory responses in the coronary and skeletal muscle
circulations, mechanisms affecting its bioavailability are
critical during vascular remodeling as crucial determinants
of the final lumen size [17]. eNOS, the last of the three
mammalian NOS isoforms to be isolated, was originally
purified and cloned from vascular endothelium [18]. The
ability of eNOS to generate NO allows for control of
vascular tone along with preventing inflammation and
proliferation of VSMCs in the subendothelium [19]. Alter-
ations in eNOS activity or expression are linked to a
number of cardiovascular pathologies that exhibit endo-
thelial dysfunction. Phosphorylation/dephosphorylation of
eNOS appears to be a major factor in the regulation of
eNOS activity [20]. Therefore, eNOS phosphorylation and
NO production of cells were detected to evaluate EC function
in the present study. Our findings provide evidence that
uc001pwg.1 functions as a key mediator of endothelial func-
tion. Like atherosclerosis, the neointima that develops in
AVF has preferentially occurred in areas of low fluid shear
stress and oscillatory flow [21]. It should be noted that hemo-
dynamic stress plays a significant role in determining the
functional phenotype of the vascular endothelium. We could
extend our targeted cell delivery strategy to the use of HiPS-
ECs that overexpress uc001pwg.1 for targeted cell therapy in
animal AVF model in the future.

In view of the data gathered from these databases, the
following investigation focused on the endothelial trans-
membrane protein MCAM, which is the nearby gene of the
uc001pwg.1. MCAM and has been thoroughly studied and
found to be physiologically expressed on different cells in
the organism, as the subset of T lymphocytes Th17 and
vascular cells including ECs [22, 23]. In particular, it has been
identified that MCAM is a major component of the endothe-
lial junction, controlling cell-cell cohesion, paracellular per-
meability, inflammatory response, and angiogenesis [24, 25].
A current study supports a role for MCAM as an essential
gene for renal EC development [26]. It has been established
that endothelial dysfunction (ED) occurs after coronary artery
bypass grafting (CABG). A recent report shows increased
concentrations of MCAM 3 months after CABG [27]. Some
researchers have confirmed a role of MCAM as an endothe-
lial cell dysfunction marker in diabetic patients [28, 29].
Thus, MCAM is considered a candidate gene involved in
ED. In our study, we tried to make a clarification of
lincRNA-related mechanisms underlying the functional
improvement of HiPS-ECs. Interestingly, we confirmed that
ectopic uc001pwg.1 expression caused a dramatic decrease of
MCAM expression. These results indicate that uc001pwg.1
modulates endothelial function, at least in part, by regulating
MCAM expression.

5. Conclusions

In summary, our study is the first to show that lncRNA
uc001pwg.1 plays an important role in endothelial dysfunc-
tion in stenotic lesions of AVF failure. After successful gener-
ation of ECs from HiPSCs, we found that enforced
uc001pwg.1 could increase eNOS phosphorylation and NO
production in vitro. And the improvement of endothelial
functionmay be related toMCAMdownregulation. The strat-
egy utilizing HiPS-ECs overexpressed uc001pwg.1 appears to
be a potential for translation to the treatment of neointima
formation and failed AVF in future animal studies.
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Exosomes derived from cancer cells can affect various functions of mesenchymal stem cells (MSCs) via conveying microRNAs
(miRs). miR-21 and miR-146a have been demonstrated to regulate MSC proliferation and transformation. Interleukin-6 (IL-6)
secreted from transformed MSCs in turn favors the survival of multiple myeloma (MM) cells. However, the effects of MM
exosomes on MSC functions remain largely unclear. In this study, we investigated the effects of OPM2 (a MM cell line)
exosomes (OPM2-exo) on regulating the proliferation, cancer-associated fibroblast (CAF) transformation, and IL-6 secretion
of MSCs and determined the role of miR-21 and miR-146a in these effects. We found that OPM2-exo harbored high levels of
miR-21 and miR-146a and that OPM2-exo coculture significantly increased MSC proliferation with upregulation of miR-21 and
miR-146a. Moreover, OPM2-exo induced CAF transformation of MSCs, which was evidenced by increased fibroblast-activated
protein (FAP), α-smooth muscle actin (α-SMA), and stromal-derived factor 1 (SDF-1) expressions and IL-6 secretion.
Inhibition of miR-21 or miR-146a reduced these effects of OPM2-exo on MSCs. In conclusion, MM could promote the
proliferation, CAF transformation, and IL-6 secretion of MSCs partially through regulating miR21 and miR146a.

1. Introduction

Multiple myeloma (MM) is the second most common
hematological malignancy and characterized by clonal prolif-
eration of malignant plasma cells in the bone marrow (BM)
[1]. Accumulating evidence indicates that MM cells can affect
the function and phenotype of mesenchymal stem cells
(MSCs), osteoclasts, and endothelial cells by releasing soluble
factors such as cytokines/proteins [2] and extracellular
particles [3], which in turn favor the progression of MM cells
[4, 5]. For instance, MM cells can educate MSCs to acquire a
tumor-like phenotype with the ability to secrete interleukin-6
(IL-6), IL-8, and TNF-β, which further promote MM survival
[6, 7]. It has also been shown that cancer cells can affect the
function and phenotype of MSCs through secreting soluble
factors [8, 9].

Exosomes, through delivering biological molecules such
as proteins and microRNAs (miRs), represent a novel com-
ponent of tumor microenvironment and play an important
role in the communication between cancer cells and MSCs
[10]. Previous studies have demonstrated that exosomes
released by cancer cells could be incorporated by MSCs and
result in the cancer-associated fibroblast (CAF) transforma-
tion of MSCs [11–16]. These studies have shown that CAFs
transformed from MSCs express fibroblast-activated protein
(FAP), α-smooth muscle actin (α-SMA), and stromal-
derived factor 1 (SDF-1) and display enhanced proliferation
and secretion of cytokines including IL-6 and TGF-β which
could contribute to a tumor-supportive microenvironment.
Exosomes released by acute myeloid leukemia cells have
been shown to promote MSC proliferation [12]. It has also
been suggested that chronic lymphocytic leukemia-derived
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exosomes could induce CAF transformation and IL-6 secre-
tion of MSCs through transferring exosomal miR-150 and
miR-146a [14]. However, whether MM exosomes can regu-
late MSC transformation remains unclear.

Emerging evidence indicates that miRs could be respon-
sible for the proliferation, CAF transformation, and cytokine
secretion of MSCs [13, 15]. miR-21 is a well-known onco-
genic miRNA during MM proliferation and invasion and
also a critical regulator in CAF transformation of breast
cancer [17, 18]. It has been reported that exosomes of leuke-
mia cells carry high levels of miR-21 and regulate MSC func-
tions [12]. miR-146a expression has been demonstrated to be
associated with levels of IL-6 secretion in breast cancer [19].
Moreover, MSC overexpressing miR-146a resulted in an
increased secretion of IL-6, which further supports MM
survival [20]. However, the role of miR-21 and miR-146a in
regulating MSC proliferation and transformation has not
fully been understood.

In this study, we examined the effects of MM-derived
exosomes on MSC proliferation, CAF transformation, and
IL-6 secretion, as well as the role of miR-21 and miR-146a
in these effects.

2. Methods

2.1. Cell Culture. Primary human bone marrow-derived
MSCs from healthy individuals were purchased from Lonza
(Basel, Switzerland). All the experiments were performed
with cells maintained in culture until passage 6. MSCs were
maintained in MSC Growth BulletKit™ Medium (Lonza)
and supplemented with 10% FBS, 2mM L-glutamine, and
penicillin/streptomycin (final concentration: 100 units/ml
penicillin and 100 μg/ml streptomycin). MSCs were positive
for CD105, CD166, CD29, and CD44 and negative for
CD14, CD34, and CD45. Human MM cell lines OPM-2,
RPMI 8226, and U266 were cultured in RPMI 1640 medium
(Hyclone, USA), supplemented with 10% fetal bovine
serum (Hyclone, USA), 2mM L-glutamine, and antibiotics
(Hyclone, USA).

2.2. Exosome Extraction and Purification. The extraction and
purification procedures were performed according to the
previous study with some modifications [21]. Briefly,
OPM2 cells were conditioned in RPMI 1640 medium with-
out FBS. When the OPM2 cells reached 80%–90% conflu-
ence, the supernatants containing exosomes were harvested.
The exosomes were purified by the procedure of differential
centrifugation and purification. In brief, the supernatants
were centrifuged for 20min at 2000g to remove cellular
debris. The cell-free culture medium was centrifuged at
20,000g for 70min and ultracentrifuged at 170,000g for
1.5 h to pellet exosomes. Exosome pellets were collected and
diluted in filtered PBS. The collected exosomes were stored
at −80°C and used for following experiments. The size and
concentration of exosomes were analyzed by using Nano
Tracking System Analysis (NTA) 300 (UK).

2.3. PKH26 Stain of OPM2 Exosomes. For exosome-uptaking
experiment, purified exosomes derived from OPM2 (OPM2-

exo) were stained using PKH26 membrane dye (Sigma,
USA). Stained exosomes were washed in 2ml of PBS, col-
lected by ultracentrifugation as demonstrated above, and
resuspended in filtered PBS. 10 μg of the PKH26-stained
exosomes or the same volume of the PKH26-PBS control
was added and incubated for 24 h. The binding of OPM2-
exo to the MSCs was observed with a fluorescence micro-
scope (Germany). OPM2 cells were washed twice with PBS,
stained with Hoechst 33342 for 5min, and washed twice with
PBS before being photographed.

2.4. Cell Proliferation Assay. Proliferation of MSCs was
determined by various methods including MTT assay
(Sigma, USA), Cell Counting Kit-8 (CCK-8, Dojindo,
Japan) assay, and direct cell counting. For the MTT assay,
MSCs were seeded at 1× 103 cells/plate in a 96-well plate
and cocultured with 0 (PBS, vehicle control), 5, 10, 20, 40,
or 80 μg/ml OPM2-exo. After day 4, the cells were incu-
bated with 20 μl of 5mg/ml MTT solution for 4 h at
37°C. After removing the medium containing MTT,
150 μl dimethyl sulfoxide (DMSO) was added to each well
to dissolve the formazan. The optical density (OD) was
measured at 490nm by using a microplate reader (BioTek,
USA). We also conducted a more sensitive assay to evaluate
MSC proliferation since it has been shown that the detec-
tion sensitivity of CCK-8 is higher than that of any other
tetrazolium salts such as MTT, XTT, or MTS. Briefly, cells
(1× 103 per well) were plated in 96-well plates in triplicate
for culture (37°C and 5% CO2). In the following day, the
cells were cocultured with the same concentrations of
OPM2-exo in a final volume of 90 μl for 4 days. After incu-
bation, 10 μl CCK-8 solution was added to each well and
incubated for 2 h. Then, the absorbance at 450 nm was
measured by the microplate reader (BioTek, USA). To
directly count the cell number, MSCs were seeded at low
density in 6-well plates (5× 103 cells/plate). After 24 h,
OPM2 cells were washed 3 times with PBS and switched
to serum-free media, and OPM2-exo (80 μg/ml) was added.
The medium was changed every 3 days and added with
fresh OPM2-exo. The cell number was counted at days 1,
4, and 10 with the automated cell counter (Beckman,
USA) after trypan blue staining.

2.5. CAF Transformation Assay.MSCs were seeded at 5× 103
cells/plate in 6-well plates. 12 h after seeding, MSCs were
treated with OPM2-exo (80 μg/ml) to trigger the CAF trans-
formation. The medium was changed every 3 days and
added with fresh OPM2-exo. After 10 days, cells and condi-
tioned medium were then collected and prepared for the
following analysis.

2.6. Quantitative Real-Time PCR Analysis (qRT-PCR).
RNA was treated with TRIzol (Invitrogen, USA). One
microgram of RNA was transcribed to cDNA using Tran-
Script cDNA Synthesis Kit (Takara, Japan), and qRT-PCR
was performed using a Bio-Rad 96 System (Bio-Rad,
USA) with SYBR Green II qPCR Premix (Takara, Japan).
The primers were listed at Supplementary Material Table
S1. The PCR was conducted at 95°C for 10 minutes, 50 cycles
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at 95°C for 30 seconds, 60°C for 30 seconds, and 72°C for
1 minute. We used GAPDH (FAP, α-SMA, and SDF-1)
and U6 (miR-21, miR-146a) as the internal control for
normalization and calculated the relative expression by the
2−ΔΔCt method.

2.7. IL-6 ELISA Assay. The MSC-conditioned medium was
centrifuged to remove cellular debris, and then, IL-6 protein
concentrations were quantified by using the ELISA kit (Invi-
trogen, USA) according to the manufacturer’s protocol. In
brief, the conditioned medium of MSCs was harvested, and
standard and sample extracts were added to the microplate
precoated with an antibody specific for IL-6. HRP substrate
was added to each well. The level of IL-6 was measured
at 450nm.

2.8. miR-21 and miR-146a Inhibition. 2× 105 cell suspen-
sions were seeded in 6-well plates and transfected with
RNase-free water (vehicle (veh)), miR control (miRCtrl,
100 nM), miR-21 inhibitor, or miR-146a inhibitor by using
DharmaFECT 1 Transfection Reagent (Dharmacon, USA)
at days 1 and 6, separately. The transfection procedure was
performed according to the manufacturer’s instructions.
Transfection efficacy was examined by qRT-PCR at day 10.

2.9. Statistical Analysis. Data were expressed as means± SEM
of three independent experiments. Statistical analysis was
performed by using one- or two-way analysis of variance
(ANOVA) (SPSS version 17.0, SPSS, USA). Differences
were considered to be significant when p values were smaller
than 0.05.
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Figure 1: MM exosomes increased miR-21 and miR-146a levels in MSCs. (a) A representative picture of exosomes purified from OPM2 cells,
examined by NTS300. (b) The expressions of miRs (miR-21, miR-146a) in parent MM cells (OPM2, RPMI-8226, and U266) and exosomes
were measured by qPCR. (c) Fluorescence images of MSCs following the uptaking of OPM2-exo labeled with PKH26 (red) for 24 hours. (d)
MSCs were cultured with OPM2-exo and the normalized expressions of miRs (miR-21, miR-146a) in MSCs were detected by qPCR. Results
were shown as mean± S.E.M. (∗p < 0 05, compared to untreated MSCs, N = 3/group).
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3. Results

3.1. miR-21 and miR-146a Were Rich in MM-Derived
Exosomes and Their Levels in MSCs Were Increased after
Coculture with OPM2-exo. As shown in Figure 1(a), NTA
showed that the diameter of the isolated OPM2-exo was
around 100nm. qRT-PCR results demonstrated that exo-
somes derived from three MM cell lines (OPM2, RPMI
8226, and U266) contained higher levels of miR-21 and
miR-146a when compared with those derived from parent
MM cells (Figure 1(b)). OPM2-exo could be uptaken by
MSCs after incubation for 24 hours analyzed by PKH26 stain
(Figure 1(c)). With the treatment of OPM2-exo, we also
observed the increased expressions of miR-21 and miR-
146a in MSCs (Figure 1(d)).

3.2. OPM2-exo Promoted the Proliferation of MSCs in
Dose- and Time-Dependent Manners. We performed the

proliferation assay by using different concentrations of
OPM2-exo (0, 5, 10, 20, 40, and 80 μg/ml) in coculture with
MSCs. Both MTT (Figure 2(a)) and CCK-8 (Figure 2(b))
results showed that OPM2-exo promoted the proliferation
in a dose-dependent manner. The optimal concentration
for the OPM2-exo effect was considered to be 80 μg/ml.
Microscopy pictures showed that MSC displayed a clear
increase in cell density in a time-dependent manner which
is further enhanced with the coculture of OPM2-exo
(Figure 2(c)). We next examined the effect of OPM2-exo on
the growth of MSCs following treatment of OPM2-exo
(80 μg/ml) by directly counting the cell number. According
to the cell count analysis, MSCs’ number increased about 2
times after incubation with OPM2-exo at day 4 and over 2
times at day 10 (Figure 2(d)).

3.3. OPM2-exo Induced the Transformation of MSCs into
CAFs with Increased IL-6 Secretion. As noted in Figure 2(c),
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Figure 2: The effect of OPM2-exo on the proliferation of MSCs. (a) MSCs were treated with different concentrations of OPM2-exo for 4 days
and proliferation was evaluated by using MTT assay. (b) MSCs were treated with different concentrations of OPM2-exo for 4 days and
proliferation was evaluated by using CCK-8 assay. (c) Representative microscopy images of MSCs treated for 10 days with OPM2-exo
(80 μg/ml). 10x magnification in microscopy. Representative images of three independent experiments were reported at day 1, day 4, and day
10. (d) MSCs were treated with OPM2-exo (80 μg/ml) and the cell number was counted by automated counter after day 1, day 4, and day 10,
respectively. Results were shown as mean± S.E.M. (∗p < 0 05, compared to untreated MSCs; #p < 0 05, compared to day 1; N = 3/group).
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MSCs displayed a different phenotype cultured with OPM2-
exo for 10 days, implicating the MSC transformation. We
also examined the mRNA expressions of CAF transforma-
tion markers including FAP, α-SMA, and SDF-1. Results
showed that OPM2-exo (80 μg/ml) significantly induced
the expressions of CAF transformation markers after being
cocultured with OPM2-exo (Figure 3(a)). As shown in
Figure 3(b), IL-6 mRNA was examined by using qRT-PCR
and its level in the conditioned medium was measured by
using ELISA after coculture with OPM2-exo (80 μg/ml) for
10 days to observe the changes. The results showed that there
was an increase in IL-6 mRNA expression as well as in its
secretion of MSCs at day 10, which is significantly enhanced
by the treatment of OPM2-exo (80 μg/ml). Collectively, these
results indicated that MSCs undergo CAF transformation in
response to tumor exosome exposure.

3.4. Inhibition of miR-21 in MSCs Was Able to Inhibit
the OPM2-exo-Induced MSC Proliferation and CAF
Transformation. To elucidate the role of miR-21 in the prolif-
eration and CAF transformation of MSCs, MSCs were trans-
fected with miR-21 inhibitor and incubated with OPM2-exo
(80 μg/ml) for 10 days. The transfection efficiency of miR-21
inhibitor in MSCs was evaluated by qRT-PCR (Figure 4(a)).
As expected, the level of miR-21 in MSCs was significantly
decreased about 60% compared with that of veh or miRCtrl
after transfection. Results showed that MSCs transfected with

miR-21 inhibitor could significantly decrease the prolifera-
tion of MSCs when cultured with OPM2-exo for 4 days
(Figure 4(b)). Additionally, inhibition of miR-21 decreased
expressions of CAF markers including FAP, α-SMA, and
SDF-1 in OPM2-treated MSCs at day 10 (Figure 4(c)).

3.5. Inhibition of miR-146a Could Reduce the IL-6 Expression
and Secretion of OPM2-exo-Treated MSCs. To further
elucidate the role of miR-146a in the IL-6 expression and
secretion of transformed MSCs, MSCs were transfected with
miR-146a inhibitor and cultured with OPM2-exo for 10 days.
The transfection efficiency of miR-146a inhibitor was
evaluated by qPCR (Figure 5(a)), and the results showed
that the miR-146a expression was significantly inhibited
about 60%. Inhibition of miR-146a was able to decrease the
IL-6 expression and secretion of OPM2-exo-treated MSCs
(Figures 5(b) and 5(c)).

4. Discussion

In the present study, we identified the effects of MM-derived
exosomes on the proliferation, CAF transformation, and IL-6
secretion of MSCs, as well as defining the role of miR-21 and
miR-146a in these effects.

Increasing evidence indicates that cancer exosomes could
regulate the functions of MSCs probably through delivering
their carried miRs [12, 14]. It has been reported that miR-
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Figure 3: The effects of OPM2-exo on the CAF transformation and IL-6 secretion of MSCs. (a) Effect of OPM2-exo (80 μg/ml) on the
expressions of CAF transformation markers (FAP, α-SMA, and SDF-1) in MSCs at day 10. Data were expressed as normalized to
GAPDH. Statistical analysis was performed by t-test. (b) Effect of OPM2-exo (80 μg/ml) on IL-6 mRNA expression and IL-6 secretion of
MSCs at day 10. Results were shown as mean± S.E.M. (∗p < 0 05, compared to untreated MSCs; #p < 0 05, compared to day 1; N = 3/group).
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21 and miR-146a play an important role in regulating MSC
transformation and cytokine secretion [22, 23]. In this study,
we analyzed that the levels of miR-21 and miR-146a in
OPM2-exo and in MSCs after being coincubated with
OPM2-exo. We found that miR-21 and miR-146a were
enriched in OPM2-exo which enhanced the levels of these
two miRs in coincubated MSCs. We also performed the
qPCR analysis and found that miR-21 and miR-146a were
significantly increased in exosomes from two other human
MM cell lines (RPMI-8226 and U266). Our findings are con-
sistent with previous reports showing that cancer exosomes
can selectively package miRs which are able to be delivered
into target cells for functioning [14, 24, 25]. For instance,
exosomes of chronic lymphocytic leukemia have been shown
to selectively deliver miR-21, miR-146a, miR-155, miR-148a,
and let7-g to MSCs [14]. Our data suggest that miR-21 and
miR-146a might be involved in regulating the functions of
OPM2-exo on MSCs.

Previous studies have reported that exosomes derived
from cancer cells could promote MSC proliferation [11, 12].

For instance, exosomes of T-cell leukemia/lymphoma cells
are able to induce MSC proliferation, which is associated
with the miR-21 expression [12]. Since miR-21 is selectively
packaged in OPM2-exo, we further determined the effect of
OPM2-exo on MSC proliferation and clarified whether
miR-21 was the underlying mechanism. We found that
MM exosomes were able to promote MSC proliferation in
time- and dose-dependent manners. Moreover, we applied
miR-21 inhibitor to further explore the role of miR-21 in
OPM2-exo-induced MSC proliferation. Our results showed
that miR-21 inhibitor significantly reduced the proliferation
of MSCs induced by OPM2-exo. These data indicate that
MM exosomes promote the proliferation of MSCs at least
partly via miR-21, although the detail downstream pathway
remains to be determined.

Exosomes derived from colorectal cancer, lung tumor,
and leukemia have been shown to induce CAF transforma-
tion of MSCs [11–15]. CAFs are characterized by the expres-
sion of several markers including FAP, α-SMA, and SDF-1,
as well as increasing secretion of cytokines [16, 26, 27]. The
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Figure 4: Inhibition of miR-21 decreased the proliferation and CAF transformation of MSCs. (a) MSCs were subjected to vehicle (veh)
treatment and transfected with miRCtrl or miR-21 as indicated, and 10 days later, the miR-21 level was measured by qRT-PCR. (b) Effect
of downregulating miR-21 on the proliferation of MSCs at day 4. (c) Effect of downregulating miR-21 on the expressions of CAF
transformation markers in MSCs at day 10. Results were shown as mean± S.E.M. (∗p < 0 05 versus veh; #p < 0 05 versus miRCtrl,
N = 3/group).
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precise cellular origins of CAFs remain largely unclear; CAFs
are reported to originate from various cell types such as res-
ident fibroblasts [27], epithelial cells [28], and MSCs [8].
However, the role of MM exosome on CAF transformation
of MSCs has not been determined yet. Our results showed
that MSCs could be transformed to CAFs by OPM2-exos
partially through the delivery of miR21 and miR146a and
the activation of their downstream genes including IL-6,
SDF-1, FAP, and α-SMA. It has been illustrated that miR-
21 is highly associated with CAFs in breast and ovarian can-
cer [29, 30]. In this study, we also detected the association of
elevated level of miR-21 with CAF transformation in OPM2-
exo-treated MSCs. To confirm the role of miR-21 in CAF
transformation of MSCs induced by OPM2-exo, we down-
regulated the level of miR-21 in MSCs by miR-21 inhibitor.
Interestingly, we found that miR-21 inhibitor significantly
decreased the effect of OPM2-exo on the expression of CAF
markers, suggesting the involvement of miR-21 in CAF
transformation of MSCs. Previous studies indicate that sev-
eral genes including PTEN and PDCD4 are the downstreams
of miR-21 in MSC. By inhibiting the expressions of PTEN,
miR-21 could increase the levels of α-SMA, FAP, and SDF-
1 in breast cancer. In this study, we found that miR-21 upreg-
ulated the expressions of α-SMA, FAP, and SDF-1 in the

transformed MSC. Based on these, we tentatively attribute
SDF-1, FAP, and α-SMA to be the target genes of miR-21.
However, this hypothesis needs to be verified in the future.

Another important characteristic of transformed CAFs is
their ability to secrete proinflammatory cytokines [13]. Fras-
sanito et al. have reported that the CAFs of MM express high
levels of TGF-β and IL-6 [16]. The cytokines secreted by
CAFs, especially for IL-6, are believed to participate in the
growth, angiogenesis, and metastases of MM [26]. Moreover,
it is reported that IL-6 secretion of MSCs is regulated by
miR-146a [20]. Since we detected that miR-146a was
enriched in OPM2-exo and that the level of miR-146a in
MSCs was increased after OPM2-exo coculture, we focused
on IL-6 andmiR-146a in this study.Asexpected,we found that
IL-6 secretion was increased in transformed CAFs induced by
OPM2-exo. Our data is supported by previous studies in
gastric and lung cancer showing that cancer cell exosomes
are able to elevate IL-6 secretion of transformed CAFs from
MSCs [13, 15]. Moreover, we found that miR-146a inhibitor
could significantly reduce the IL-6 expression as well as the
IL-6 protein in the conditioned medium of OPM2-exo-
treated MSCs. Our findings indicate that miR-146a is respon-
sible for the increased IL-6 secretion of CAFs transformed
from MSCs by MM exosomes. Previous studies have
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Figure 5: Inhibition of miR-146a decreased IL-6 secretion of MSCs. (a) MSCs were subjected to veh treatment and transfected with miRCtrl
or miR-146a as indicated and 10 days later the miR-146a level was measured by qRT-PCR. (b) Effect of downregulating miR-146a on the IL-6
mRNA expression of MSCs at day 10. (c) Effect of downregulating miR-146a on the IL-6 secretion of MSCs at day 10. Results were shown as
mean± S.E.M. (∗p < 0 05 versus veh; #p < 0 05 versus miRCtrl, N = 3/group).
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confirmed that miR-146a upregulates the expression of the
Notch/IL-6 proinflammatory pathway; we postulate that
IL-6 is the downstream gene of miR-146a in MSCs. Never-
theless, our deductions remain to be further elucidated.

5. Conclusions

In conclusion, our data have demonstrated that MM exo-
somes are able to promote the proliferation, CAF transfor-
mation, and IL-6 secretion of MSCs. Our results also
suggest that miR-21 and miR-146a are involved in regulating
the functions of MSCs. Our study highlights the important
roles of MM exosomes and miRs in regulating the MSC
functions and MM survival, which may be potential targets
for MM therapies in the future.
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Objectives. The present study aimed to explore the major factors that account for the beneficial effects of mesenchymal stem
cells (MSCs). Methods. Using isobaric tags for relative and absolute quantitation method, hepatoma-derived growth factor
(HDGF) was identified as an important factor secreted by MSCs, but not by cardiac fibroblasts (CFs). The protective
effects of conditioned medium (CdM) from MSCs or CFs were tested by using either H9C2 cells that were exposed by
hypoxia-reoxygenation (H/R) insult or an in vivo mouse model of myocardial ischemia-reperfusion. Results. Compared to
CF-CdM, MSC-CdM conferred protection against reperfusion injury. CdM obtained from MSCs that were treated with
HDGF-targeted shRNA failed to offer any protection in vitro. In addition, administration of recombinant HDGF alone
recapitulated the beneficial effects of MSC-CdM, which was associated with increased protein kinase C epsilon (PKCε)
phosphorylation, enhanced mitochondria aldehyde dehydrogenase family 2 activity, and decreased 4-hydroxy-2-nonenal
accumulation. A significant decrease in infarct size and ameliorated cardiac dysfunction was achieved by administration of
HDGF in wild-type mice, which was absent in PKCε dominant negative mice, indicating the essential roles of PKCε in
HDGF-mediated protection. Conclusions. HDGF secreted from MSCs plays a key role in the protection against reperfusion
injury through PKCε activation.

1. Introduction

Ischemic heart diseases, such as myocardial infarction,
continue to be one of the leading causes of mortality
and morbidity worldwide [1]. Although the application of
thrombolysis and vascular intervention salvages myocar-
dium and significantly improves clinical outcomes, reperfu-
sion results in myocardial injury. On reperfusion, the
generation of reactive oxygen species (ROS), rapid reintro-
duction of adenosine triphosphate in the presence of elevated
[Ca2+]i, and induction of the mitochondrial permeability
transition lead to hypercontracture as well as apoptotic and
oncotic cell death [2]. In addition, reperfusion induces

accumulation of 4-hydroxy-2-nonenal (4-HNE) [3], a pro-
duction of lipid peroxidation [4] that contributes to myocyte
injury [5]. However, therapeutic agents to prevent these
injuries remain unavailable so far. Therefore, effective cell
protection after reperfusion is still an unmet clinical need.

Bone marrow-derived mesenchymal stem cells (MSCs)
are one of the most rigorously studied stem cell populations
[6], which are now undergoing phase II clinical trials for
treating ischemic heart diseases. The low cardiac differential
and retention rate of MSCs suggests that the secretion of
paracrine factors [7], rather than regenerating the functional
myocytes, confers cardioprotection by MSCs. Our previous
work [8–11] on rodent and primate models demonstrated
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that MSC therapy enhanced the survival of cardiomyocytes,
reduced myocardial fibrosis, and improved angiogenesis
through paracrine effects, in which the factors secreted from
MSCs, including leptin [12], miR-211 [8], and heparinase
[9], played an important role in cardiac protection. Of
note, evidence has been put forward showing that treatment
using MSC secretions is sufficient to reduce reperfusion-
induced myocardial apoptosis and oxidative stress in both
rodent and large animal models [13, 14]. However, the
factors that contribute to the beneficial effects of MSCs have
not been defined.

In the present study, by isobaric tags for relative and
absolute quantitation (iTRAQ) secretomic analysis of either
MSCs or cardiac fibroblasts (CFs), we have identified that
hepatoma-derived growth factor (HDGF) was one of those
factors secreted by MSCs and can confer protection against
reperfusion-induced cardiomyocyte death. Treatment of
HDGF recombinant protein reduces apoptosis and oxidative
stress in vitro which in turn can decrease myocardial infarct
size in an in vivomouse model in a protein kinase C epsilon-
(PKCε-) dependent fashion.

2. Materials and Methods

2.1. Animals. For detailed methods, please refer to the
Supplementary Material available online at https://doi.
org/10.1155/2017/1096980. Wild-type (WT) littermates
and PKCε-dominant negative (PKCε-DN) mice were kindly
provided from Professor Peipei Ping [15]. All animal studies
were performed with the approval of the Institutional Ani-
mal Care and Use Committee, Zhejiang University and
according to the Chinese Guideline for Laboratory Animal
Care and Use.

2.2. Conditioned Medium Preparation. Mice MSCs isolated
from 4- to 5-week-old wild-type (WT) mouse bone marrow
were examined for the characteristic surface antigen profile
by flow cytometry and cultured as described previously
[12]. Cardiac fibroblasts were isolated from WT mice as
described previously [11]. MSCs or fibroblasts of 80% conflu-
ence were washed with PBS and cultured in serum-free
medium for 24 h. The conditioned medium was then centri-
fugated and concentrated 25-fold less of the original volume
using 3 kDa molecular weight cutoff ultrafiltration mem-
branes (Millipore, MA, USA). The concentrated medium
was desalted and diluted to 0.5mg/mL for tail vein injection.

2.3. Ischemia-Reperfusion Models and Hemodynamic
Measurement. Mice were anesthetized with intraperitoneal
injection of pentobarbital sodium (60mg/kg) and then sub-
jected to the left anterior descending (LAD) coronary artery
ligation including silicon tubing on top of the coronary artery
with an 8-0 Prolene suture. Fifteen minutes before occlusion,
0.2mL of vehicle or conditioned medium derived fromMSCs
(MSC-CdM) or CFs (CF-CdM) was injected via tail vein.
After 45min of ischemia, the silicon tubing was removed to
achieve reperfusion. The Evan’s blue and 2,3,5-triphenyltet-
razolium chloride staining were performed on cardiac tissue
sections to identify the area at risk and the infarct area.

Hemodynamic assessment was taken at 24h reperfusion by
a 1.4 F pressure catheter inserted through the right carotid
artery into the left ventricle (LV). The transducer was con-
nected to the PowerLab system (AD Instruments, Castle
Hill, Australia). LV pressure and LV maximum±dp/dt were
recorded and averaged from 15 beats.

2.4. Western Blot Analysis. Culture media were precipitated
with trichloroacetic acid (1 : 100, vol/vol, overnight incuba-
tion at −20°C). The precipitates were rinsed with acetone,
prior to be resuspended into lysis buffer. Proteins extracted
from cells or heart tissues (40μg protein for each sample)
were electrophoresed on a SDS-PAGE and transferred onto
a PVDF membranes (Bio-Rad) and incubated with primary
antibodies against phosphorylated PKCε (1 : 500, Santa Cruz,
CA, USA), PKCε, cleaved caspase-3, β-actin (1 : 1000, all
from Cell Signaling Technology, Danvers, MA, USA), or 4-
HNE (1 : 500) (both from Abcam, Cambridge, MA, USA).
Then, membranes were incubated with HRP-conjugated sec-
ondary antibodies and exposed with the Chemiluminescence
Detection Kit (Millipore).

2.5. Mitochondrial Aldehyde Dehydrogenase Family 2
(ALDH2) Activity Assay. Mitochondria were isolated using
a mitochondrial protein extraction kit (Keygentec, Nanjing,
China) according to the instruction supplied by the man-
ufacturer. The ALDH2 activity of mitochondria from cardi-
omyocytes was measured using a mito-ALDH2 activity kit
(Abcam) by a SpectraMax 340PC384 Microplate Reader
(Molecular Devices, LLC., CA, USA).

2.6. Transferase dUTP Nick End Labeling (TUNEL) Assay
and Immunofluorescence Staining. Frozen heart tissue sec-
tions were fixed and permeabilized before incubated with
primary antibodies and respective secondary antibodies.
The apoptosis of cells was detected in situ with TUNEL
(Roche Applied Science, IN, USA). cTnI antibody (1 : 200
Abcam) was applied as a cardiomyocyte marker with
DAPI counterstaining.

2.7. Flow Cytometry Analysis of Cell Apoptosis. The Annexin
V-FITC/PI Apoptosis Detection Kit was used to evaluate
apoptosis of cells. After rinsed with cold PBS, cells were
resuspended in 200μl of binding buffer. Annexin V solution
was added to the cells and incubated for 30min at 4°C.
The cells were then incubated with 5ml propidium iodide
(PI) and immediately analyzed with a FACScan. Ten
thousand events were acquired on a FACSC-LSR (Becton-
Dickinson, San Jose, CA) and analyzed with CellQuest
(Becton-Dickinson) software.

2.8. Lentivirus Construction and Infection. Construction of
the recombinant lentivirus with HDGF was performed by
the Genechem Company. For MSC infection, cells were
seeded at a density of 1× 105 cells in a six-well plate and
infected with lentiviral vectors with 10mg/ml polybrene
(Millipore, Boston, MA, USA). At 12 hour postinfection,
the medium was replaced. Forty-eight hours later, the
transfected cells were cultured in a 5% CO2-humidified
incubator at 37°C.
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2.9. Quantitative Polymerase Chain Reaction (qPCR)
Analysis. Primers for amplification of mouse HDGF genes
were used to determine the expression of HDGF in fibro-
blasts and MSCs. The amplification program consisted of
initial denaturation at 95°C for 10min followed by 40
cycles from 92°C for 15 s, annealing at 60°C for 30 s and
extension at 72°C for 15 s. The relative expression levels
of each gene were normalized to β-actin using the 2-
ΔΔCt method.

2.10. Protein Digestion and iTRAQ Labeling. For each
sample, protein was digested and the peptide mixture
was labeled using chemicals from the iTRAQ reagent kit
(Applied Biosystems, California, USA). Disulfide bonds were
reduced in 5mM Tris-(2-carboxyethy) phosphine (TCEP)
followed by blocking cysteine residues in 10mM methyl
methanethiosulfonate (MMTS), before digestion with
sequence-grade modified trypsin (Promega, Madison, WI,
USA). For labeling, each iTRAQ reagent was dissolved in
isopropanol and added to the respective peptide mixture.
The labeled samples were combined and dried.

2.11. High pH Reverse Phase Separation. The peptide mixture
was fractionated by high pH separation using the AQUITY
UPLC system (Waters Corporation, Milford, MA, USA)
connected to a reverse phase column(ACQUITY UPLC
Peptide C18 column, 2.1mm× 150mm, 1.7μm, 130Å,
Waters Corporation, Milford, MA, USA). High pH separa-
tion was performed using a linear gradient. The column
was reequilibrated at initial conditions and the column flow
rate was maintained at 600μL/min. Collected fractions were
dried in a vacuum concentrator for the next step.

2.12. Low pH Nano-HPLC-MS/MS Analysis. The mixed
peptides were separated by nano-HPLC (Eksigent Technolo-
gies, Dublin, CA, USA) on the secondary RP analytical
column (Eksigent, C18, 3μm, 150mm× 75μm). Peptides
were subsequently eluted using the following gradient condi-
tions with phase B (98% ACN with 0.1% formic acid) from 5
to 45% B (5–70min), and total flow rate was maintained at
300nL/min. Electrospray voltage of 2.3 kV versus the inlet
of the mass spectrometer was used.

Triple TOF 4600 mass spectrometer was operated in the
data-dependent mode to switch automatically between MS
and MS/MS acquisition. MS spectra were acquired across
the mass range of 350–1250m/z in high resolution mode
using 250ms accumulation time per spectrum. Tandemmass
spectral scanned from 100–1250m/z in high sensitivity mode
with rolling collision energy. The 20 most intense precursors
were selected for fragmentation per cycle with dynamic
exclusion time of 9 s.

2.13. Statistical Analysis. All data are expressed as mean±
SEM and analyzed by SPSS 17 using two-tailed Student’s
t-test between two groups or one-way analysis of variance
(ANOVA) when three or more groups were compared. P
value less than 0.05 was considered as statistical significance.

3. Results

3.1. MSC-CdM but Not CF-CdM Induced Myocardial
Protection against Reperfusion Injury. To compare the effects
of MSC-CdM and CF-CdM on cardiac reperfusion injury,
mice were intravenously treated with vehicle, MSC-CdM,
or CF-CdM 15min before occlusion of the LAD coronary
artery. These mice were then subjected to 45min of myo-
cardial ischemia followed by 24h of reperfusion. The area
at risk was not different among the 3 experimental groups,
but systemic delivery of MSC-CdM significantly reduced
the infarct area/area at risk (I/AAR) and infarct area/left
ventricular (I/LV) ratio by 24.6% and 25.6% (P < 0 05),
respectively, compared with infarcted mice injected with
vehicle (Figure 1(a)). In contrast, CF-CdM did not signif-
icantly affect the infarct size, showing a similar I/AAR to
that in the control mice.

The decreased infarct size in the MSC-CdM group was
accompanied by improved functional recovery. Compared
with the vehicle group, values for maximal left-ventricular
pressure (+dp/dtmax) and minimal left-ventricular pressure
(−dp/dtmax) measured at 24 h reperfusion were both signif-
icantly improved (P < 0 05) in MSC-CdMtreated mice,
which were, however, not observed (P > 0 05) in CF-CdM-
treated mice (Figure 1(b)). In parallel, LV end-diastolic pres-
sure (LVEDP) was not affected by MSC-CdM, indicating
that the increase of +dp/dtmax is not due to altered preload
(Supplementary Table 1). As Tau, an index of globe left-
ventricular relaxation, was not changed by MSC-CdM, the
improvement of −dp/dtmax may have reflected the higher
+dp/dtmax in this group.

The extent of apoptosis at 24 h reperfusion was
assessed by TUNEL staining (Figure 1(c)). MSC-CdM-
treated mice had significantly decreased TUNEL positive
myocytes (P < 0 05) in the peri-infarct area of the heart com-
pared with controls. However, CF-CdM did not decrease the
percentage of apoptotic cells after reperfusion. Similarly, iso-
lated myocytes treated with MSC-CdM exhibited enhanced
contractile performance (Supplementary Fig. 1A) and upreg-
ulated calcium transient amplitude (Supplementary Fig. 1B)
at 2 h reoxygenation following 4h of hypoxia, all of which
were absent in CF-CdM treated cardiomyocytes.

3.2. Proteomic Profiles of Secreted Protein in MSC-CdM
and CF-CdM and Highly Secreted HDGF from MSCs. To
identify the specific paracrine factors that were responsi-
ble for the beneficial effects of MSC-CdM, the iTRAQ-
labeled conditioned media protein samples of MSCs and
CFs were analyzed. A total of 1787 proteins with at least
95% confidence were identified in the conditioned medium,
among which 1595 proteins had quantification information
(Supplementary Table S3). The subcellular localization
information of all the identified proteins was annotated
by Gene Ontology. As a result, a total of 861 proteins were
assigned as extracellular (Figure 2(a)), of which 55 pro-
teins were secreted selectively at higher level in MSC-
CdM (>2-fold), while other 53 proteins were found highly
secreted in CF-CdM (>2-fold). Functional classification
and an enrichment analysis based on molecular functions
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and biological processes revealed that these 108 differen-
tially secreted proteins fell into many functional catego-
ries. We found that the number of proteins varied
greatly for the different categories (Supplementary Fig. S2).
Compared to CFs, MSCs secreted more proteins that were
involved in the categories of “cellular process,” “metabolic
process,” and “developmental process.” In addition, MSC-
CdM contained more secreted proteins that were related to
catalytic activity.

Among the list of 55 proteins specifically highly secreted
by MSCs (Table 1), HDGF was selected for further study
because this candidate could relay paracrine communication
between MSCs and myocytes, as well as exhibit antiapoptosis
and proliferation effects [16–19]. To validate that HDGF was
secreted by MSCs, RT-qPCR was performed to detect the
expression level of HDGF in MSCs and fibroblasts. The
mRNA abundance of HDGF in MSCs was significantly

higher compared with that in fibroblasts (P < 0 05)
(Figure 2(b)). These data were consistent with
immunoblotting results which showed that HDGF was
highly selectively expressed in MSC-CdM with high density
(Figure 2(c)). Thus, our data provided strong evidence that
HDGF was highly secreted by MSCs.

3.3. HDGF Contributed to the Protective Effects of MSC-CdM.
To test whether HDGF was involved in protective effects
of MSC-CdM, we first used lentiviral shRNA to knock-
down HDGF in MSCs and investigated apoptosis in
heart-derived H9C2 cells subjected to 4 h of reoxygena-
tion following 9h of hypoxia. PI-Annexin V double stain-
ing was used to identify the prevention effects of MSC-
CdM (Figure 3(a)). Conditioned medium derived from
MSCs that transfected with empty vector (MSCnull)
reduced population of PI-Annexin V double positive cells
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Figure 1: MSC-CdM reduce cardiac reperfusion injury. Wild-type mice were given 5mg/kg CF-CdM, 5mg/kg MSC-CdM, or vehicle i.v.
15min before 45min of ischemia. MSC-CdM: conditioned medium derived from MSC; CF-CdM: conditioned medium derived from
cardiac fibroblasts. (a) Ratio of area at risk (AAR) to left ventricular (LV) area, ratio of infarct size (I) to AAR, and ratio of infarct size to
LV after 24 h of reperfusion. Data represent mean± standard error of mean (SEM) of values from five mice. (b) The maximum rates of
rise and decline of left-ventricular pressure (+dp/dtmax and −dp/dtmax) assessed at 24 h reperfusion. Data are mean± SEM of values from
six mice. (c) TUNEL staining at 24 h reperfusion; apoptotic nuclei were stained (red), and cardiomyocytes were detected by cardiac
troponin I staining (green). Bar = 50 μM. Data are mean± SEM of values from three hearts per group, with at least 3000 nuclei examined
per heart. ∗P < 0 05.
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by 45.7% after reoxygenation injury, which was absent when
treated with the conditioned medium derived from MSCs
that transfected shRNA lentivirus targeting HDGF. Being
consistent with PI-Annexin V double staining, MSCnull-
CdM significantly attenuated (P < 0 05) reoxygenation-
induced activation of caspase-3 in H9C2 cells (Figure 3(b)).
In contrast, knockdown of HDGF in MSCs impaired
(P < 0 05) the MSC-CdM-mediated inhibitive effects on
caspase-3 activation.

3.4. HDGF Reduced Apoptosis and Activated PKCε Pathway.
To further validate the direct protective effects of HDGF on
reperfusion injury, we applied mouse HDGF recombinant
protein (100 nmol/L, Novoprotein Scientific, NJ, USA) or
PBS as vehicle (Veh) to H9C2 cells that were subjected
to H/R injury. PI-Annexin V double positive population
was reduced by 29.2% when treated with HDGF recombi-
nant protein (Figure 4(a)). In addition, a decrease in per-
centage of Annexin V positive and low PI cell population
(in Q4 quadrant) was observed, suggesting that HDGF
protected against reperfusion-induced early stage apoptosis.
We also performed immunoblotting assay to detect the
activation of caspase-3 and found that cleaved caspase-3
was significantly reduced in the HDGF group, compared to
the control (Figure 4(b)).

To explore the intracellular mechanisms underlying the
protective effects of HDGF, we examined PKCε activity as
this pathway has been proved to play essential roles in myo-
cardial preconditioning and cytoprotection [20–23]. Our
data showed that HDGF induced PKCε phosphorylation
(Figure 4(c)).Phosphorylated PKCε has been shown to trans-
locate into mitochondria and interacts with ALDH2 contrib-
uting to 4-HNE detoxification during reperfusion injury [24].
Therefore, we assessed ALDH2 activity in myocardial mito-
chondria and 4-HNE which could reflect whether PKCε has
been activated by HDGF. Our data showed that the delivery
of recombinant HDGF significantly enhanced the activity

of ALDH2 in mitochondria (P < 0 05) (Figure 4(d)) and
prevented 4-HNE accumulation (Figure 4(e)), compared
with the control group. Thus, these data support the notion
that HDGF reduced reoxygenation-induced oxidative stress
through PKCε activation.

3.5. PKCε Played a Key Role in HDGF-Mediated Protection
against Reperfusion Injury. To further determine the role of
PKCε in HDGF-mediated protection in vivo, recombinant
mouse HDGF (50μg/kg) or PBS (as vehicle) was adminis-
tered intramyocardially to both PKCε-DN mice and WT
littermate (as controls). Administration of recombinant
HDGF reduced I/AAR to 33.8± 3.1% (P < 0 05), compared
to 44.9± 2.6% in the control group (Figure 5(a)). However,
this reduction in infarct size by HDGF delivery was absent
in PKCε-DN mice that had similar I/AAR to those without
HDGF intervention, although the I/AAR was similar
between PKCε-DN andWT mice, and AAR/LV in all groups
had no significant difference. In addition, recombinant
HDGF markedly increased +dp/dtmax and −dp/dtmax at
24 h reperfusion in WT mice (P < 0 05) (Figure 5(b) and
Supplementary Table 2). Although the mean value of +dp/
dtmax and −dp/dtmax in PKCε-DN mice was increased by
HDGF treatment, the HDGF-mediated improvement of
hemodynamic performance was significantly limited com-
pared to that in WT (P < 0 05).

Being consistent with the infarct size quantifica-
tion, administration of recombinant HDGF significantly
decreased TUNEL positive myocytes (P < 0 05) in the peri-
infarct area in WT mice, which was not observed in PKCε-
DN mice (Figure 5(c)). Meanwhile, we detected an enhanced
mitochondrial ALDH2 activity (Figure 5(d)) and a signifi-
cant reduction in 4-HNE accumulation (Figure 5(e)) in
reperfusion-injured myocardium ofWTmice, but not in that
of PKCε-DN mice.

Moreover, HDGF enhanced contractile performance
(Supplementary Fig. S3A, B) and upregulated calcium
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Figure 2: Secretome patterns and different HDGF expression between MSCs and fibroblasts. (a) iTRAQ analysis was applied and 1596
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Table 1: Functional classification of the highly secreted protein identified in MSC-CdM.

GO classification Gene Protein

ADP catabolic process NUDT9 ADP-ribose pyrophosphatase, mitochondrial

Apoptotic process

HINT1 Histidine triad nucleotide-binding protein 1

NME1 Nucleoside diphosphate kinase A

NME2 Nucleoside diphosphate kinase B

Biological process OAF Out at first protein homolog

Biosynthetic process

HRT1 Hypoxanthine-guanine phosphoribosyltransferase

ADA Adenosine deaminase

EEF1A1 Elongation factor 1-alpha 1

TPI1 Triosephosphate isomerase

PGAM1 Phosphoglycerate mutase 1

EIF2S3X Eukaryotic translation initiation factor 2 subunit 3, X-linked

Catabolic process GSTO1 Glutathione S-transferase omega-1

Cell adhesion SPP1 Osteopontin

Cell cycle PIN4 Peptidyl-prolyl cis-trans isomerase NIMA-interacting 4

Cell differentiation
TPT1 Translationally controlled tumor protein

STMN1 Stathmin

Cell growth MTPN Myotrophin

Cell morphogenesis SMARCA4 Transcription activator BRG1

Cell motility BRK1 Protein BRICK1

Cell-cell signaling HDGF Hepatoma-derived growth factor

Cellular component morphogenesis

CFL1 Cofilin-1

TUBA4A Tubulin alpha-4A chain

SAA3 Serum amyloid A-3 protein

Cellular process

SOD3 Extracellular superoxide dismutase [Cu-Zn]

LCN2 Neutrophil gelatinase-associated lipocalin

NAMPT Nicotinamide phosphoribosyltransferase

UCHL3 Ubiquitin carboxyl-terminal hydrolase isozyme L3

DNA replication PCNA Proliferating cell nuclear antigen

Endothelial cell proliferation HMGB1 High mobility group protein B1

Fatty acid catabolic process ACOT7 Cytosolic acyl coenzyme A thioester hydrolase

Glycolysis

LDHA L-lactate dehydrogenase A chain

PGK1 Phosphoglycerate kinase 1

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

ENO1 Alpha-enolase

G-protein coupled receptor signaling pathway
CXCL5 C-X-C motif chemokine 5

CCL8 C-C motif chemokine 8

Immune system process

HMGB2 High mobility group protein B2

MIF Macrophage migration inhibitory factor

PSMA1 Proteasome subunit alpha type-1

Metabolic process PKM Pyruvate kinase PKM

Monosaccharide metabolic process GALM Aldose 1-epimerase

Oxidation-reduction process
AKR1B1 Aldose reductase

AKR1B8 Aldose reductase-related protein 2

Pentose phosphate shunt PGLS 6-phosphogluconolactonase

Protein folding

HSP90AA1 Heat shock protein HSP 90-alpha

HSP90AB1 Heat shock protein HSP 90-beta

ST13 Hsc70-interacting protein
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transient amplitude (Supplementary Fig. S3C, D) in
myocytes isolated from both WT and PKCε-DN mice. This
set of data could account for the improved hemodynamic
performance in HDGF-treated PKCε-DN mice but also
imply that additional mechanisms might be involved in
HDGF-induced function recovery.

4. Discussion

In the present study, we have demonstrated that the
conditioned medium derived from MSCs could exert
cardioprotection. Through an iTRAQ-based proteomic
analysis of the secretion from MSCs and CFs, we identified

Table 1: Continued.

GO classification Gene Protein

Protein metabolic process LAP3 Cytosol aminopeptidase

Regulation of biological process IGFBP6 Insulin-like growth factor-binding protein 6

Response to oxidative stress PRDX5 Peroxiredoxin-5, mitochondrial

RNA splicing

PTBP1 Polypyrimidine tract-binding protein 1

PCBP1 Poly(rC)-binding protein 1

SFPQ Splicing factor, proline- and glutamine-rich

Translation RPS20 40S ribosomal protein S20

Carbohydrate metabolic process GLO1 Lactoylglutathione lyase

GO: Gene Ontology.
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Figure 3: HDGF contributed to the protective effects of MSC-CdM. Conditioned medium that collected from MSCs transfected with vector
(MSCnull-CdM) or HDGF shRNA lentivirus (MSCHDGF KD-CdM) were treated to H9C2 cells subjected to 9 h of hypoxia followed by 4 h of
reoxygenation. (a) Cell death was evaluated with flow cytometry analysis. Annexin V−/PI−: viable cells; Annexin V+/PI−: early apoptotic
cells; Annexin V+/PI+: late apoptotic or necrotic cells; Annexin V−/PI+: necrotic cells. (b) Cleaved caspases-3 as detected by Western
blotting. Data represent mean± SEM of values from three determinations. ∗P < 0 05.
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Figure 4: HDGF reduced apoptosis and activated PKCε pathway. H9C2 cells treated by recombinant mouse HDGF (100 nmol/L) or vehicle
control were subjected to 9 h of hypoxia followed by 4 h of reoxygenation. (a) Cell death was evaluated with flow cytometry analysis. (b)
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Figure 5: PKCε contributed to HDGF-induced reduction of reperfusion injury. PKCε dominant negative mice (PKCε-DN) and wild-type
(WT) littermates with or without 50 μg/kg recombinant mouse HDGF treatment intramyocardially were subjected to 45min of cardiac
ischemia followed by 24 h reperfusion. (a) Ratio of area at risk to left ventricle area (AAR/LV), ratio infarct size to AAR ratio (I/AAR),
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values from six mice. (c) Quantitative analysis of TUNEL positive cells at 24 h reperfusion. Data are mean± SEM of values from three
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and the activity of ALDH2 in mitochondria was measured. Data represent mean± SEM of values from three mice. (e) 4-HNE protein
adducts in heart tissues was assessed. Data represent mean± SEM of values from three mice. ∗P < 0 05.
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HDGF as an important component that played an essential
role in the prosurvival effects offered by MSC therapy.
Administration of recombinant HDGF alone recapitulated
MSC-mediated protection, resulting in a reduction in infarct
size, decreased apoptosis, and improved cardiac function
through PKCε pathway.

Although CFs secrete paracrine factors such as FGF-1,
FGF-2, IL-33, and tissue inhibitory metalloproteinases
(TIMPs) that are beneficial to cardioprotection [25, 26], lim-
ited effects of CF-CdM were observed in our study. MSCs
have been reported to secrete some distinct cytokines com-
pared to dermal fibroblasts, which allow MSC therapy to
exhibit superiority over fibroblasts therapy in the wound
healing process [27, 28]. As MSCs hold great promise for
cell-based therapy, the identification of secreted factors along
with the related underlying mechanisms is of great biological
and therapeutic importance. We, for the first time, applied
iTRAQ-based proteomics analysis to compare the secretion
from MSCs and CFs. A list of secreted factors specifically
highly expressed by MSCs was defined, among which
HDGF was further investigated and proved to induce
myocardial protection. Thus, we provided a feasible
approach to identify protective factors in the secretions
from MSCs. Of note, hypoxia can improve the paracrine
effects of different types of cells. The conditioned medium
from hypoxia-preconditioned CFs was reported to be able
to induce protection for reperfusion-injured myocardium
[29], which was not observed in our study when the con-
ditioned medium was collected under normoxic condition.
Our previous studies demonstrated that hypoxia precondi-
tioning enhanced biological function and cardioprotective
effects of MSCs in rodent and primate models of perma-
nent myocardial ischemia [10, 11]. Therefore, it remains
to be further investigated whether hypoxic preconditioning
enhances MSC protection against reperfusion injury and
triggers MSC secretome alterations.

PKCε is one of the central players in protection
induced by ischemic preconditioning [20, 21], which is
considered as the most efficient way to prevent reperfusion
injury [30]. Activation of PKCε induces its translocation to
the mitochondria and triggers a variety of mechanisms to
induce antiapoptotic and antinecrotic effects, including
enhancement of ALDH2 activity which detoxifies ROS-
generated 4-HNE [20, 24], interaction with cytochrome c
oxidase subunit IV [31], inhibition of mitochondrial perme-
ability transition pore (mPTP) opening [32], and stabiliza-
tion of mitochondrial membrane potential (Δψm). PKCε is
known to be activated during reperfusion injury. However,
the extent of PKCε activation by reperfusion may be insuffi-
cient to induce significant cardioprotection, since there is no
difference in cardiac function and infarct sizes between WT
and PKCε knockout mice [33, 34]. Further deterioration
was neither observed in PKCε-DN mice in our study. On
the other hand, deletion of PKCε can abolish ischemic
preconditioning-mediated protection [34, 35], indicating
that PKCε is indispensable and might be further enhanced
to take part in the protection against reperfusion injury. In
this regard, identifying agents, such as HDGF that stimulates
the PKCε pathway, will be of therapeutic benefit. Our data

indicates that HDGF activates PKCε and induces a PKCε-
dependent protection, including suppression of apoptosis,
limitation of reperfusion-induced oxidative stress, and
reduction in infarct size.

It has to be born in mind though that PKCε may not be
the sole pathway involved in HDGF-mediated protection,
since HDGF-induced effects on myocyte contractility and
calcium handling were not impaired when PKCε was dis-
rupted. In addition, we utilized isolated adult cardiomyocytes
to detect myocyte calcium cycling and contractility in the
present study. The H9C2 cell line was also used, due to the
ease of handling as well as the ethical issues of laboratory ani-
mal use without significantly compromising the mechanistic
molecular experiment. However, it is a cloned embryonic
cardiac myoblast cell line obtained from embryonic rat heart,
which does not truly possess morphological characteristics of
matured cardiomyocytes.

HDGF was originally isolated from the conditioned
medium of hepatoma-derived cells as a heparin-binding
growth factor, and its role in the development of cardiovas-
cular tissues was proved afterwards [36]. Over the last two
decades, HDGF has been reported to be involved in many
biological processes, such as wound repair [37], angiogenesis
[38], and antiapoptosis [39]. Downregulation of HDGF
impairs activation of certain survival pathways, leading to
the cellular apoptosis under stress [18, 39]. Therefore, HDGF
may function as an antiapoptotic factor underlying the pro-
tection of MSCs. In this study, knockdown of HDGF
impaired the effects of MSCs, indicating that HDGF plays
an important role in MSC protection. HDGF also can
improve proliferation [16] and migration [40], both of which
are important processes in cardiac repair and regeneration.
Administration of recombinant HDGF has been shown
to induce a reduction in infarct size and improved cardiac
function, suggesting that HDGF can be of great clinical
benefit in the prevention of reperfusion injury.
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It is acknowledged that postnatal mammalian cardiomyocytes (CMs) turn over with a very limited efficacy in both physiological
and pathological conditions. Recent studies showed that those newly formed CMs are derived from preexisting CMs. Thus,
stimulating CM proliferation becomes a promising strategy for inducing cardiac regeneration. Noncoding RNAs were found
differently expressed in CMs with different proliferation potential. Moreover, manipulation of noncoding RNAs, in particular
microRNAs, was proved to promote or suppress CM proliferation, indicating that noncoding RNAs are involved in the
underlying mechanism of CM proliferation. This review mainly summarizes the roles of noncoding RNAs, as a class of
influential factors, in the regulation of CM proliferation.

1. Introduction

Cardiovascular diseases are the leading causes of morbidity
and mortality all over the world. Particularly, myocardial
infarction (MI) and heart failure following myocardial ische-
mia can lead to a large number of CM death [1]. In the past,
the adult mammalian CMs are regarded as terminally differ-
entiated cells without the ability to proliferate. Fetal CMs
proliferate during development but lose this ability quickly
after birth, and myocardium goes through a hyperplastic to
hypertrophic transition. After this transition, the predomi-
nant form of growth is an increase in cell size and myofibril
density rather than the number of CMs [2].

It is now recognized that a low level of postnatal CM
proliferation was demonstrated in both normal and injured
hearts. Taking advantage of integration of 14C into DNA
to establish the age of CMs in human, a seminal study carried
by Bergmann and his colleagues indicated that about 0.5–1%
of CMs renews every year, so nearly 50% of CMs is replen-
ished over a life span [3]. Recently, a combination of genetic
fate mapping with stable isotope labeling and multi-isotope
imaging mass spectrometry shows the renewal of CMs is
predominantly from the division of preexisting CMs, rather
than the differentiation from the stem cells or progenitors
[4]. Our previous study showed that mature adult CMs can

reenter the cell cycle and form new CMs through a three-
step process, dedifferentiation, proliferation, and redifferen-
tiation [5]. However, the proliferation is not enough to
replenish the lost CMs and repair the injured myocardium,
and the underlying mechanism regulating CM proliferation
is still unclear. To decipher the molecular mechanism
controlling CM proliferation is of great importance for stim-
ulating the endogenous cardiac regeneration, which might be
a new therapeutic approach to those patients suffering from
heart diseases.

Noncoding RNAs are those RNAs which cannot code
proteins, such as microRNAs (miRNAs), long noncoding
RNAs (lncRNAs), and circular RNAs, and were found to play
important roles in the regulation of multiple cellular activities
including proliferation [6]. This review mainly summarizes
the roles of noncoding RNAs in the regulation of mammalian
CM proliferation.

2. The Role of miRNAs in CM Proliferation

MicroRNA is a small noncoding RNA molecule containing
20~ 24 nucleotides. Each miRNA can have multiple target
genes, and it can have various spatial and temporal expres-
sion patterns which express differently in diverse tissues
and developmental stages [7]. An miRNA array showed that,
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among the over 1000 miRNAs analyzed, 204 miRNAs
increased and 311 miRNAs decreased during neonatal rat
CM proliferation [8]. miRNAs were demonstrated to influ-
ence CM proliferation in neonatal and adult stages, which
were summarized in Table 1.

3. miRNAs Regulate Neonatal CM Proliferation

The proliferation capacity of mammalian CM is robust in
fetal period and is switched off early after birth. In mouse,
the 1-day-old neonatal hearts can regenerate after partial sur-
gical resection, but this capacity is lost by 7 days of age [9].

MiR-499 is a miRNA which is abundantly found in CMs
and almost does not express in human cardiac stem cells or
human embryonic stem cells [10]. By transfecting with pre-
miR-499, EdU incorporation indicated CM proliferation
was increased by 50% [11]. MiR-499 displayed a highlighted
ability to promote neonatal CM proliferation via its function
on Sox6 and cyclin D1 [12]. Sox6 played a role in cell viabil-
ity, inhibited cell proliferation, and promoted cell apoptosis
[13]. MiR-410 and miR-495 both belong to Gtl2-Dio3 miR-
NAs and were reported to promote CM proliferation. Over-
expressing miR-410 and miR-495 in NRVMs induced
about a 2.5-fold increase of proliferation analyzed with EdU
incorporation assay. Meanwhile, Ki-67 immunostaining
showed a threefold increase of proliferation [14]. The target
gene of miR-410 and miR-495 is Cited2, a coactivator
required for proper cardiac development. Cited2 knockdown
reduced the expression of cell cycle inhibitor Cdkn1c/p57/
Kip2 in neonatal CMs [14]. In the ischemic injury model,
miR-222-overexpressing mice showed a twofold phosphohis-
tone 3 (PH3) CMs compared with controls. Inhibition of
miR-222 in vivo blocked CM proliferation in response to
exercise. Cell cycle inhibitor P27, HIPK-1, and HIPK-2 as
well as HMBOX1 were found to be involved in miR-222-
induced CM proliferation [15].

MiR-133a knockdown mice hearts showed excessive CM
proliferation, while miR-133a overexpression transgenic
mice showed a diminished CM proliferation, indicating that
miR-133 could be an inhibitor of CM proliferation [16, 17].
Similarly, miR-29a also suppressed CM proliferation, while
inhibiting miR-29a promoted CM division [18]. Inhibiting
miR-29a in neonatal CMs promoted CM proliferation by
threefold analyzed by Ki-67 and PH3 staining and decreased
the number of CMs in G0/G1 phases, while increased
proportion of CMs in S and G2/M phases, indicating that
inhibition of miR-29a facilitates the transition of G1/S and
G2/M in CMs [19].

4. miRNAs Regulate Adult CM Proliferation

Hsa-miR-590-3p and hsa-miR-199a-3p are found to induce
the proliferation of not only neonatal CMs but adult CMs.
By injecting synthetic miRNAs directly into the heart of
neonatal mice, EdU incorporation analysis revealed a
marked increase of CM proliferation. Injection of AAV9
vector-expressing hsa-miR-590 or hsa-miR-199a precursor
miRNAs increased CM proliferation in both neonatal and
adult mice [8]. These two miRNAs can also stimulate CM

proliferation in post-MI heart, which contributes to the
preserved cardiac function [8].

Overexpressing miR-204 improved CM proliferation in
neonatal and adult mice CMs in vitro. Knockdown of its
target gene Jarid2 had a similar effect as miR-204 overexpres-
sion. Transgenic mice with cardiac-specific overexpression of
miR-204 showed an increase of CM proliferation throughout
the embryonic and adult stages, which was associated with
upregulated cell cycle regulators Cyclin A, Cyclin B, Cyclin
D2, Cyclin E, CDC2, and PCNA [20].

MiR-17-92, an oncogenic miRNA cluster, proved to be
essential for CM proliferation and participated in the regula-
tion of CM proliferation in embryonic, postnatal, and adult
hearts. CM proliferation decreased by about 50% in postnatal
hearts of miR-17–92 cKO mice, while it was significantly
increased in cardiac-specific miR-17-92 overexpressed
transgenic mice analyzed with PH3 and Aurora B immu-
nostaining [21]. Overexpression of MiR-17-3p, a member
of miR-17-92 cluster, has been shown to promote CM
proliferation in neonatal CMs. Furthermore, inhibition of
miR-17-3p attenuated exercise-induced cardiac growth and
CM proliferation in adult mouse heart [22].

Loss of miR302-367 led to decreased CM proliferation
during development, while increased miR302-367 expression
led to a profound increase in CM proliferation. Reexpression
of miR302-367 by using miRNA mimic-based treatment
promoted adult CM proliferation and reduced scar forma-
tion in the post-MI heart. The CM proliferation was evalu-
ated with Ki-67, PH3, and Aurora B kinase staining, as well
as CM number counting [23]. Besides, miR-302-367 can
not only have an effect on cell cycle activity but also the
nucleation of CMs evidenced by an increase of the propor-
tion of mononucleated/binucleated CMs versus multinucle-
ated CMs in miR302-367 gain of function mice. With
the method of high-throughput sequencing of RNA isolated
by cross-linking immunoprecipitation (HITS-CLIP), the
miR302-307 target genes Mst1, Lats2, and Mob1b are found
to be components of Hippo signaling pathway, indicating the
effect of miR302-367 on CM proliferation might be through
repression of the Hippo signal transduction pathway [24].

MiR-34a expressed at a low level in fetal and early post-
natal hearts; it soon expressed relatively higher after the
first week after birth and sustained during adulthood [25].
Cardiac injury further upregulated the expression of miR-
34a [26]. In the early postnatal mice, overexpression of
miR-34a can decrease the CM proliferation. In contrary,
antagonism of miR-34a promoted the CM proliferation
through targeting on Bcl2, Cyclin D1, and Sirt 1 in the adult
mice with MI injury [25]. Overexpression of miR-195, a
member of the miR-15 family, during development caused
premature CM cell cycle arrest, leading to congenital heart
hypoplasia [27]. MiR-195 was found to be upregulated by
sixfold at postnatal day 10 compared to postnatal day 1
[28]; miR-195 overexpression prevented cardiac regenera-
tion of postnatal day 1 hearts suffering from MI injury [27].
Overexpressing miR-195 increased the proportion of
NRVMs in G2/M phase [28]. In adult MI model, inhibition
of miR-15 family by using administrating-locked nucleic
acid- (LNA-) modified anti-miRNAs resulted in an increase
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in CM proliferation, with a fivefold increase of PH3-positive
CMs [27]. Consistently, a chemically modified RNA oligonu-
cleotide blocking the seed sequence of the miR-15 family
members promoted adult CM proliferation and preserved
cardiac function after injury [18]. In mice with miR-1-2
deletion, CM proliferation was increased, supported by 20%
increased CM numbers and threefold more PH3 positive
CMs [29].

5. Cell Cycle and Methodology for Evaluating
CM Proliferation

Cell cycle can be divided into four phases: G1 phase, S phase
(synthesis), G2 phase (collectively known as interphase), and
mitotic (M) phase. Mitosis (division of the nucleus) and
cytokinesis (division of cytoplasm, organelles, and cell mem-
brane) together define the M phase of CM cell cycle [30]. The
process of mitosis is divided into five stages: prophase, pro-
metaphase, metaphase, anaphase, and telophase. It leads to
multinucleated CMs if there is karyokinesis without cytoki-
nesis during M-stage, and it leads to polyploid if there is
DNA replication without karyokinesis and cytokinesis [31].
When considering the intrinsic proliferative capacity of adult
mammalian CMs, it is important to reiterate that DNA syn-
thesis does not necessarily result in genome duplication, that
genome duplication does not necessarily result in mitosis,
and that mitosis does not necessarily result in cytokinesis
[32]. miRNAs regulate CM proliferation at different phases
of cell cycle, which were summarized in Figure 1.

In most studies, the methods used for quantifying CM
proliferation were based on immunostaining for DNA
synthesis and cell cycle activation (BrdU/EdU incorporation,
Ki-67, PH3, Aurora B, and alinin). BrdU/EdU can be incor-
porated into newly synthesized DNA at S phase of cell cycle.
Ki-67 is detected in all active stages of cell cycle, including
G1, S, G2, and M phases and is not active in the resting
G0-phase cells and terminally differentiated cells [33].
K-i67 could not clearly distinguish multinucleated cells

and polyploid with proliferating cells. Aurora B kinase is a
protein that functions in the attachment of the mitotic spin-
dle to the centromere, which is expressed during metaphase,
anaphase and, cytokinesis in CMs [34]. In metaphase,
Aurora B is associated to the chromosomes, whereas in
anaphase and telophase it is localized to the midzone and
midbody, respectively [34]. PH3 expresses during mitosis
since chromosome condensation at mitosis is accompanied
not only with phosphorylation of histone H3. Actually, all
these markers could not identify a CM completing the whole
cell cycle process and giving rise to two/multiple daughter
cells. CMs especially adult ones are able to reenter into cell
cycle but difficult to pass cytokinesis phase. However, none
of these markers directly examine CM proliferation with
cytokinesis. On the other hand, these methods could be
complicated by DNA repair, polyploidy, and multinucleation
in CMs. One must keep the interpretive restrictions in mind
when comparing the results from different laboratories par-
ticularly when different assays are utilized.

Therefore, rigorous confirmation with nonambiguous
molecular genetic markers or method should be requisite
for any studies assessing de novo cardiomyogenesis. Time-
lapse imaging observation combined with nuclei staining is
a direct way to assess the CMs’ proliferation and visualize
the mitosis and cytokinesis processes [5]. This method could
be an appropriate in vitro experiment, but new techniques
are needed to quantify the CM proliferation in vivo.

6. Discussion

Understanding the underlying mechanism regulating CM
proliferation could be of great clinical significance for treat-
ing MI, heart failure, and other cardiac diseases in which
reduced CM numbers are the principal reason for deranged
cardiac function. Noncoding RNAs especially miRNAs were
demonstrated to play essential roles in CM proliferation in
fetal and neonatal as well as adult stages. Manipulating the
key miRNAs could be a promising strategy for stimulating

miR-590/miR-199a;
miR-204; miR-133a;
miR17-92

M G1

SG2
miR-590/miR-199a;
miR-204, miR-29a

miR-590/miR-199a;
miR-204; miR17-92;
miR-29a

Cell cycle

miR-499, miR-590/miR-199a;
miR-204; miR-133a;
miR302-367; miR-1; miR-34a;
miR-29a

Figure 1: A summary of miRNAs in regulating cardiomyocyte proliferation at different phases of cell cycle.
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cardiac regeneration in injured hearts. Other noncoding
RNAs such as lncRNAs (with more than 200 nucleotides in
length) may also play a role in CM proliferation. LncRNA
expressions significantly changed in cardiac hyperplastic to
hypertrophic growth transition [35]. Manipulation of
lncRNA-Gas5 and Sghrt in adult heart reduced the expres-
sion of cell cycle regulating genes including Ccng1 and
Ccnd2 in CMs [36]. The effect of these noncoding RNAs
including lncRNAs and circular RNAs on CM proliferation
requires further study.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was supported by research grants from the
National Natural Science Foundation of China (31730043
and 81670277).

References

[1] N. J. Pagidipati and T. A. Gaziano, “Estimating deaths from
cardiovascular disease: a review of global methodologies of
mortality measurement,” Circulation, vol. 127, no. 6,
pp. 749–756, 2013.

[2] E. R. Porrello, A. I. Mahmoud, E. Simpson et al., “Transient
regenerative potential of the neonatal mouse heart,” Science,
vol. 331, no. 6020, pp. 1078–1080, 2011.

[3] O. Bergmann, R. D. Bhardwaj, S. Bernard et al., “Evidence for
cardiomyocyte renewal in humans,” Science, vol. 324, no. 5923,
pp. 98–102, 2009.

[4] S. E. Senyo, M. L. Steinhauser, C. L. Pizzimenti et al., “Mam-
malian heart renewal by pre-existing cardiomyocytes,”Nature,
vol. 493, no. 7432, pp. 433–436, 2013.

[5] W. E. Wang, L. Li, X. Xia et al., “Dedifferentiation, prolifera-
tion, and redifferentiation of adult mammalian cardiomyo-
cytes after ischemic injury,” Circulation, vol. 136, 2017.

[6] L. Tao, Y. Bei, Y. Zhou, J. Xiao, and X. Li, “Non-coding RNAs
in cardiac regeneration,” Oncotarget, vol. 6, no. 40, pp. 42613–
42622, 2015.

[7] G. Ruvkun, “Molecular biology: glimpses of a tiny RNA
world,” Science, vol. 294, no. 5543, pp. 797–799, 2001.

[8] A. Eulalio, M. Mano, M. Dal Ferro et al., “Functional screening
identifies miRNAs inducing cardiac regeneration,” Nature,
vol. 492, no. 7429, pp. 376–381, 2012.

[9] Y. Nakada, D. C. Canseco, S. Thet et al., “Hypoxia induces
heart regeneration in adult mice,” Nature, vol. 541, no. 7636,
pp. 222–227, 2017.

[10] J. D. Fu, S. N. Rushing, D. K. Lieu et al., “Distinct roles of
microRNA-1 and -499 in ventricular specification and func-
tional maturation of human embryonic stem cell-derived
cardiomyocytes,” PLoS One, vol. 6, no. 11, article e27417, 2011.

[11] M. L. Bell, M. Buvoli, and L. A. Leinwand, “Uncoupling of
expression of an intronic microRNA and its myosin host gene
by exon skipping,” Molecular and Cellular Biology, vol. 30,
no. 8, pp. 1937–1945, 2010.

[12] X. Li, J. Wang, Z. Jia et al., “MiR-499 regulates cell proliferation
and apoptosis during late-stage cardiac differentiation via Sox6
and cyclin D1,” PLoS One, vol. 8, no. 9, article e74504, 2013.

[13] B. Dumitriu, M. R. Patrick, J. P. Petschek et al., “Sox6 cell-
autonomously stimulates erythroid cell survival, proliferation,
and terminal maturation and is thereby an important
enhancer of definitive erythropoiesis during mouse develop-
ment,” Blood, vol. 108, no. 4, pp. 1198–1207, 2006.

[14] A. L. Clark and F. J. Naya, “MicroRNAs in the myocyte
enhancer factor 2 (MEF2)-regulated Gtl2-Dio3 noncoding
RNA locus promote cardiomyocyte proliferation by targeting
the transcriptional coactivator Cited2,” Journal of Biological
Chemistry, vol. 290, no. 38, pp. 23162–23172, 2015.

[15] X. Liu, J. Xiao, H. Zhu et al., “miR-222 is necessary for
exercise-induced cardiac growth and protects against patho-
logical cardiac remodeling,” Cell Metabolism, vol. 21, no. 4,
pp. 584–595, 2015.

[16] N. Liu, S. Bezprozvannaya, A. H. Williams et al., “microRNA-
133a regulates cardiomyocyte proliferation and suppresses
smooth muscle gene expression in the heart,” Genes & Devel-
opment, vol. 22, no. 23, pp. 3242–3254, 2008.

[17] J. L. Morrison, S. Zhang, R. L. Tellam et al., “Regulation of
microRNA during cardiomyocyte maturation in sheep,”
BMC Genomics, vol. 16, p. 541, 2015.

[18] S. Zacchigna and M. Giacca, “Extra- and intracellular fac-
tors regulating cardiomyocyte proliferation in postnatal
life,” Cardiovascular Research, vol. 102, no. 2, pp. 312–320,
2014.

[19] X. Cao, J. Wang, Z. Wang et al., “MicroRNA profiling during
rat ventricular maturation: a role for miR-29a in regulating
cardiomyocyte cell cycle re-entry,” FEBS Letters, vol. 587,
no. 10, pp. 1548–1555, 2013.

[20] D. Liang, J. Li, Y. Wu et al., “miRNA-204 drives cardiomyocyte
proliferation via targeting Jarid2,” International Journal of
Cardiology, vol. 201, pp. 38–48, 2015.

[21] J. Chen, Z. P. Huang, H. Y. Seok et al., “mir-17–92 cluster is
required for and sufficient to induce cardiomyocyte prolifera-
tion in postnatal and adult hearts,” Circulation Research,
vol. 112, no. 12, pp. 1557–1566, 2013.

[22] J. Shi, Y. Bei, X. Kong et al., “miR-17-3p contributes to
exercise-induced cardiac growth and protects against myocar-
dial ischemia-reperfusion injury,” Theranostics, vol. 7, no. 3,
pp. 664–676, 2017.

[23] Y. Tian, Y. Liu, T. Wang et al., “A microRNA-Hippo pathway
that promotes cardiomyocyte proliferation and cardiac regen-
eration in mice,” Science Translational Medicine, vol. 7,
no. 279, article 279ra38, 2015.

[24] T. Heallen, M. Zhang, J. Wang et al., “Hippo pathway inhibits
Wnt signaling to restrain cardiomyocyte proliferation and
heart size,” Science, vol. 332, no. 6028, pp. 458–461, 2011.

[25] Y. Yang,H.W.Cheng, Y.Qiu et al., “MicroRNA-34a plays a key
role in cardiac repair and regeneration following myocardial
infarction,” Circulation Research, vol. 117, no. 5, pp. 450–459,
2015.

[26] B. C. Bernardo, X. M. Gao, C. E. Winbanks et al., “Therapeutic
inhibition of the miR-34 family attenuates pathological cardiac
remodeling and improves heart function,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 109, no. 43, pp. 17615–17620, 2012.

[27] E. R. Porrello, A. I. Mahmoud, E. Simpson et al., “Regulation
of neonatal and adult mammalian heart regeneration by the
miR-15 family,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 110, no. 1,
pp. 187–192, 2013.

5Stem Cells International



[28] E. R. Porrello, B. A. Johnson, A. B. Aurora et al., “miR-15 fam-
ily regulates postnatal mitotic arrest of cardiomyocytes,”
Circulation Research, vol. 109, no. 6, pp. 670–679, 2011.

[29] Y. Zhao, J. F. Ransom, A. Li et al., “Dysregulation of cardiogen-
esis, cardiac conduction, and cell cycle in mice lacking
miRNA-1-2,” Cell, vol. 129, no. 2, pp. 303–317, 2007.

[30] E. Tzahor and K. D. Poss, “Cardiac regeneration strategies:
staying young at heart,” Science, vol. 356, no. 6342,
pp. 1035–1039, 2017.

[31] M. Ponnusamy, P. F. Li, and K. Wang, “Understanding
cardiomyocyte proliferation: an insight into cell cycle activ-
ity,” Cellular and Molecular Life Sciences, vol. 74, no. 6,
pp. 1019–1034, 2017.

[32] K. B. Pasumarthi and L. J. Field, “Cardiomyocyte cell cycle reg-
ulation,” Circulation Research, vol. 90, no. 10, pp. 1044–1054,
2002.

[33] T. Scholzen and J. Gerdes, “The Ki-67 protein: from the known
and the unknown,” Journal of Cellular Physiology, vol. 182,
no. 3, pp. 311–322, 2000.

[34] F. Beigi, J. Schmeckpeper, P. Pow-Anpongkul et al.,
“C3orf58, a novel paracrine protein, stimulates cardiomyocyte
cell-cycle progression through the PI3K–AKT–CDK7 path-
way,” Circulation Research, vol. 113, no. 4, pp. 372–380, 2013.

[35] X. Sun, Q. Han, H. Luo et al., “Profiling analysis of long non-
coding RNAs in early postnatal mouse hearts,” Scientific
Reports, vol. 7, article 43485, 2017.

[36] K. See, W. L. W. Tan, E. H. Lim et al., “Single cardiomyocyte
nuclear transcriptomes reveal a lincRNA-regulated de-
differentiation and cell cycle stress-response in vivo,” Nature
Communications, vol. 8, no. 1, p. 225, 2017.

6 Stem Cells International



Research Article
Microarray Analysis Reveals a Potential Role of lncRNA
Expression in 3,4-Benzopyrene/Angiotensin II-Activated
Macrophage in Abdominal Aortic Aneurysm

Yingying Zhou,1 Jiaoni Wang,2 Yangjing Xue,2 Aili Fang,2 Shaoze Wu,2 Kaiyu Huang,2

Luyuan Tao,2 Jie Wang,2 Yigen Shen,2 Jinsheng Wang,2 Lulu Pan,3 Lei Li,2 and Kangting Ji2

1Department of Endocrinology, The Second Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical University,
Wenzhou, Zhejiang, China
2Department of Cardiology, The Second Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical University,
Wenzhou, Zhejiang, China
3Children’s Heart Center, The Second Affiliated Hospital and Yuying Children’s Hospital, Institute of Cardiovascular
Development and Translational Medicine, Wenzhou Medical University, Wenzhou, Zhejiang, China

Correspondence should be addressed to Lei Li; leilii@uw.edu and Kangting Ji; jikt@wzmc.edu.cn

Received 15 May 2017; Revised 5 July 2017; Accepted 14 August 2017; Published 18 October 2017

Academic Editor: Yaoliang Tang

Copyright © 2017 Yingying Zhou et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abdominal aortic aneurysm (AAA) is a fatal disease, and exposure to 3,4-benzopyrene (Bap) is closely related to the development of
AAA.We have found that Bap could impair the biological function of endothelial progenitor cells (EPCs), which are associated with
the occurrence of AAA. We have also demonstrated that macrophage activation plays a key role in Bap-induced AAA, but the
mechanism is unknown. Here, we used a mouse lncRNA array to investigate the expression signatures of lncRNAs and mRNAs
in Bap-activated macrophage. A total of 457 lncRNAs and 219 mRNAs were found to be differentially expressed. The function
of differential mRNAs was determined by pathway and Gene Ontology analysis. Eight pathways associated with inflammation
were upregulated, and seven pathways including cell apoptosis were downregulated. It was worth noting that AGE-RAGE
pathway, which was involved in Bap-induced EPC dysfunction, was significantly upregulated in Bap-activated macrophage and
may contribute to AAA formation. Thus, lncRNAs may exert a key role in activated macrophages and intervene the core
lncRNAs and may inhibit the occurrence of a series of cascade reactions in the macrophages, which may provide potential
targets for AAA caused by smoking.

1. Introduction

Abdominal aortic aneurysm, generally defined as the remod-
eling and expansion of abdominal aorta with an arterial dia-
meter≥ 30mm or a 50% increased arterial diameter, is the
most common aortic disease on clinic. Because of the high
pressure within the aorta, any rupture can quickly lead to
death. As reported, an estimated 1% to 3% of men aged 65
to 85 years died of AAA in developed countries [1]. The
pathologic mechanism of AAA is still unclear. Increasing
evidence has indicated that 3,4-benzopyrene (Bap), an
important component of cigarette smoke and automobile
exhaust, is one of the leading risk factors of AAA [1, 2].

Our previous study has demonstrated the detrimental effects
of Bap on the function of endothelial progenitor cells (EPCs),
which are a population of circulating stem cells and closely
correlated to endothelial damage and vascular injury [3]. It
has been reported that endothelial injury is associated with
the occurrence of AAA and the recovery of endothelial integ-
rity correlates with the progression of AAA. Circulating
EPCs are reduced, and the function of late EPCs is impaired
in AAA patients [4, 5]. Thus, we hypothesize that Bap may
play a key role in the development of AAA. Further, we con-
structed an Angiotensin II- (Ang II-) induced murine AAA
model and discovered that Bap could cause pathological
change of artery wall similar to AAA and promote the
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development of AAA [6]. Recently, some studies revealed
that macrophage activation and infiltration played a key role
in AAA formation [7, 8]. Both the tissue samples of the
patients with AAA and the biopsies from AAA model mice
clearly exhibited that the infiltration and accumulation of
macrophage in the artery wall participate in the whole pro-
cess of AAA development, from the beginning to expansion
and to eventually rupture [9, 10]. We have also confirmed
the increment of macrophage infiltration, activation of NF-
κB, and expression of MMP-2, MMP-9, and MMP-12 in
Ang II/Bap-induced AAA model previously [6]. However,
the underlying molecular regulatory mechanism in Bap-
induced macrophage activation in AAA, and how to alleviate
them, remains to be fully elucidated.

Long noncoding RNA (lncRNA) is defined as transcript
noncoding RNA with more than 200 nucleotides. With the
wide application of whole length cDNA cloning sequence
analysis and genome chip technology, tens or even hundreds
of thousands of lncRNAs have been counted. Though once
considered as “junk” transcripts of the genome, lncRNA
now has been proven to be important in the gene expression
and function regulation and actively participates in many
pathological processes. Efforts have been made to study the
relationship between the lncRNA expression and AAA.
Holdt et al. have demonstrated a close association of lncRNA
CDKN2BAS (or ANRIL) in chr19q13 with atherosclerosis
[11]. Wang et al. indicated that lncRNA-HIF 1 alpha-
antisense RNA could interact with mRNA BRG1 in vascular
smooth muscle cells in vitro, which may contribute to the
pathogenesis of thoracic aortic aneurysms [12]. Recently,
Yang et al. identified 3688 lncRNAs and 3007 mRNAs differ-
ently expressed between AAA and normal abdominal aortic
tissues by microarray. And the lncRNA-mRNA targeting
relationships were further identified using computational
analysis [13]. However, the functional role of lncRNAs in
activated macrophages in AAA is largely unknown.

To systematically study the role of lncRNAs in activated
macrophages in AAA, we built gene expression profiles of
Bap-activated macrophages and the normal control macro-
phages using lncRNA and mRNA gene expression microar-
rays. Nine differentially expressed lncRNAs identified were
further confirmed via qRT-PCR. Gene Ontology (GO) and
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases were used to clarify their biological functions.

2. Materials and Method

2.1. Experimental Animals. Male C57/B6J mice, weighing 35
to 40 g and aging 8 to 10 months (Weitong Lihua Experimen-
tal Animal Technology Co. Ltd., Beijing, China), were fed in a
specific pathogen-free environment. Mice were divided into
four groups, with 12 mice in each. Mice in the control group
received a weekly intraperitoneal injection of medium-chain
triglycerides (Aabrafaclipophilewl 1349; Gattefosse Co.,
Lyon, France). Mice in the Ang II group received a daily
Ang II (Sigma-Aldrich Co., St. Louis, MO) infusion
(0.72mg/kg) via a subcutaneous osmotic minipump (Alzet
Osmotic Pump, Model 2004), in addition to medium-chain
triglycerides. Mice in the Bap group received a weekly

intraperitoneal Bap (Sigma-Aldrich Co.) injection (10mg/
kg). Mice in the Ang II/Bap group received Ang II
(0.72mg/kg) and Bap (10mg/kg). Bap was dissolved in
medium-chain triglycerides (2mg/ml). After 6 weeks, mice
were euthanized using urethane intraperitoneally.

2.2. Aortic Tissue Collection and IF and IHC Staining. After
the mice were euthanized, the abdominal and thoracic cavi-
ties were exposed, and the aorta was washed with PBS and
4% paraformaldehyde through the left ventricle in turn.
The abdominal aorta tissue was carefully separated and fixed
in 4% paraformaldehyde for immunohistochemistry. The
primary antibodies used in IF and IHC staining were CD68
(ab53444), MMP-9 (ab38898), and TNF-α (ab6671). The
nuclei were stained with DAPI or DAB. Visualization was
performed with a fluorescent microscope.

2.3. Macrophage Function

2.3.1. Isolation of Murine Peritoneal Macrophage. Three days
before the experiment, 3% sodium thioglycolate was injected
intraperitoneally. The mice were sacrificed and placed in 75%
ethanol solution 2-3 minutes. After injecting 5ml HANKS
into the abdominal cavity, the abdominal wall was gently
squeezed with a hand for more than 20 times and then
sucked out the lavage fluid. The suspension was washed with
HANKS for 3 times before being resuspended and then was
cultured in 37°C, 5% CO2 incubator for 3-4 hours. After
removal of nonadherent cells with PBS, the adherent cells
were then used for the experiment. The mouse macrophage
cell line RAW264.7 was purchased from American Type Cul-
ture Collection. Cells were cultured in Dulbecco’s Modified
Eagle’s Medium containing 10% fetal bovine serum. When
the cells were grown to 90% confluence, subcultivation was
performed. DMSO as a solvent for Bap and Ang II, its final
concentration in the culture medium did not exceed 0.1%
(v/v). Cells were randomly divided into 5 groups. In the con-
trol group, cells were untreated. In other 4 groups, cells were
treated with DMSO or 10μmol/l Ang II or 20μmol/l Bap or
Ang II plus Bap. Cells were cultured for 2 h and 24 h and then
collected for RNA and protein extraction, respectively.

2.4. RNA Extraction and Quality Control. Total RNA was
extracted from macrophage cells with Trizol reagent (Invi-
trogen Life Technologies, Carlsbad, CA, USA). After being
quantified and qualified, the isolated RNA of high purity
was subjected to microarray and quantitative real-time poly-
merase chain reaction.

2.5. Microarray Analysis. An arraystar mouse lncRNA
microarray v3.0, which could detect 35,923 lncRNAs and
24,881 protein-coding transcripts, was used to analyze
the RNA samples. RNA labeling and array hybridization
were conducted as described [14]. The expression levels
of lncRNAs and mRNAs were compared between the
Bap sample and the DMSO sample. Genes having a fold
change> 2 and an adjusted p < 0 05 were considered as
differentially expressed.
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2.6. GO and KEGG Pathway Analyses. GO and KEGG path-
way analyses were performed by KangChen Bio-tech Co. Ltd.
(Shanghai, China), in order to analyze the differentially
expressed genes systematically and enrich significant GO
terms and KEGG pathways (p < 0 05) [15]. The significance
of the p value was evaluated by the false discovery rate
(FDR), and an FDR< 0.05 was recommended.

2.7. qRT-PCR Validation Assay. The reliability of the micro-
array data was validated by comparing the results of microar-
ray and qPCR. Nine randomly selected lncRNAs and their
expression levels were further evaluated using the SYBR
Green method in a fluorescence real-time PCR (Biosystems,
C1000, USA) in triplicate. Primers were designed and syn-
thesized (Table 1). The gene expression levels were normal-
ized to the housekeeping gene β-actin. The relative
expression of the target genes was calculated as 2−ΔΔCt.

2.8. Statistical Analysis. Data represented the means± SD.
Student’s t-test was used for a single comparison of 2 groups.
One-way analysis of variance followed by the Bonferroni
t-test was conducted for a comparison ofmultiple groups.Dif-
ferences were considered statistically significant at ∗p < 0 05
and ∗∗p < 0 01.

3. Results

3.1. Bap Exacerbates Macrophage Infiltration, MMP-9, and
TNF-α Expression in the Aortic Wall of Ang II-Infused Mice.
Immunofluorescence showed prominent macrophage infil-
tration in abdominal aortic tissues in the Ang II group,
which was further promoted by Bap (Figure 1(a)). Because
Bap may regulate MMP activity and proinflammatory cyto-
kines, we examined MMP-9 and TNF-α expression in
abdominal aortic tissue by immunostaining. Ang II infusion
increased MMP-9 and TNF-α expression when compared
with the control group, which was further increased by
Bap (Figures 1(b), 1(c), 1(d), and 1(e) for quantitative anal-
ysis of the result).

3.2. Bap Promotes MMP-9 and TNF-α Secretion in
Macrophages In Vitro. Chronic inflammation and extracellu-
lar matrix degradation have been considered instigating
mechanisms underlying AAA. TNF-α and MMP-9 are par-
ticularly important in this process. Hence, we examined the

effect of Bap on the secretion of TNF-α and on the expression
and activity of MMP-9 in macrophages. As shown in
Figure 2, Bap treatment caused significant increment in the
amount of MMP-9 and TNF-α protein, in both peritoneal
macrophages and RAW264.7 cells (p < 0 05). Consistently,
gelatin zymography demonstrated higher MMP-9 activity
in the Ang II group, which was further promoted by Bap
(Figure 2(e)).

3.3. Microarray Hybridization Data. Arraystar mouse
lncRNA microarray v3.0 is designed for the global profiling
of mouse lncRNAs and protein-coding transcripts. The heat
map of the hierarchical clustering results was performed to
show the distinguishable lncRNA and mRNA expression
profiling between the two groups (Figures 3(a) and 3(b)).
The results of scatterplot showed that the distribution and
expression variation of the log 2 ratios of lncRNAs and
mRNAs between the two groups were nearly the same
(Figures 3(c) and 3(d)).

3.4. Differentially Expressed lncRNAs and mRNAs. We found
that 457 detected lncRNAs demonstrated >2-fold differential
expression in Bap-activated macrophage when compared to
the control group (macrophage cultured with DMSO), with
249 lncRNAs showing upregulation and 208 lncRNAs show-
ing downregulation (Table 2). At the same time, 219 mRNAs
displayed beyond a 2-fold differential expression in Bap-
induced macrophage, and 119 mRNAs were upregulated
while 100 mRNAs were downregulated. The top ten upregu-
lated and top ten downregulated lncRNAs and mRNAs are
listed in Table 3.

3.5. GO and KEGG Analyses of Differentially Expressed
mRNAs. GO analysis, including 3 structured networks: bio-
logical processes, cellular components, and molecular func-
tion, was applied to analyze the main function of the closest
coding genes according to the GO database which provided
the key functional classifications for the National Center for
Biotechnology Information (NCBI). In our survey, GO anal-
ysis revealed the functions of differentially expressed (both
upregulated and downregulated) mRNA in abnormally acti-
vated macrophages induced by Bap. The most enriched GO
terms (top ten) are shown in Figure 4. Pathway analysis
showed that the upregulated mRNAs participated in TNF-α

Table 1: Primer sequences for lncRNAs.

Sequence name Gene symbol Forward (5′-3′) Reverse (5′-3′)
NR_045727 B230209E15Rik TCCACTGAACCACCAACCAAA CCATCTCCGCAAACTGCCTAT

NR_045799 1700123O21Rik CCTCACTTTAGAGTCCTGGGTA TTGAAGATTTGCTGTCTGCTG

NR_040734 4930429F24Rik AGAAGAGGCGTAGGCGTCATA AGACTTCTGGAGCCGTCAGGT

NR_045865 9230009I02Rik GGGTTAAGAATCGCATGAGTA CCAAGAAAACAAGGCAAGAGT

AK089739 AK089739 GGGTCTAACATTTACCAAGATGAAG TGGAATATCCCCAGAGTCCTA

NR_027827 Chd3os TCTTTTCCCCAGTATTGCTAC GTTGACTCCCTGCTTATGATTG

NR_015506 4833418N02Rik GCACTCAGGATGCTTGGTCTT CCACTTGCTGCTACTTTATTTTGG

NR_015547 1700009J07Rik AGGGCATTTTAGTTGGTTCTTACAG GCAAGCATGGATTCTAGCGTT

NR_045314 9830166K06Rik TCCCACAGGGTTCAGTTCTCA GGTCTACATTATTACATCTGGCTCA
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signal pathway, AGE-RAGE signaling pathway, and so forth.
On the other hand, the involved downregulated mRNAs refer
to p53 signaling pathway, tryptophan metabolism, and so
forth (Figure 5).

3.6. Validation of the Expression Levels of the lncRNAs
Using qRT-PCR. Nine lncRNAs (NR_045727, NR_045799,
NR_040734, NR_045865, AK089739, NR_027827, NR_015506,
NR_015547, and NR_045314) were selected to validate the
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Figure 1: Ang II-induced macrophage infiltration and expression of MMP-9 and TNF-α were prominently increased in mice receiving
coadministration of Bap. Abdominal aortic tissues were harvested, and transversal sections were prepared. (a) Representative
photomicrographs of CD68+ cell staining in suprarenal aortic sections: immunoreactivity was visualized using an Alexa Fluor 488
secondary antibody (green). (b) Representative immunohistochemistry staining of TNF-α and MMP-9 in the abdominal aorta from
control animals and animals treated with Ang II, Bap, or Ang II/Bap. (c–e) For quantitative analysis of the result. ∗p < 0 05 versus control;
#p < 0 05 versus Bap or Ang II group.

4 Stem Cells International



microarray consistency by using qPCR. The results demon-
strated that NR_045727, NR_045799, NR_040734, and
NR_045865 were significantly upregulated in both gene chip
and the qRT-PCR (Figure 6).

4. Discussion

AAA is a chronic but often fatal vascular disease that is
primarily associated with several risk factors including
advanced age and smoking [1]. There is lack of effective ther-
apeutic drugs to slow down the development of AAA since
the molecular mechanism of AAA is still unclear. Basic
research on this disease is urgently needed. Macrophage infil-
tration into the aortic wall is a hallmark of AAA pathology;
thus, targeting vascular inflammation mediated by macro-
phages may be a potential therapeutic approach for aneu-
rysm pathologies. Our previous study demonstrated that
Bap contributed to the pathogenesis of AAA, and indeed, it
promoted the formation of AAA in Ang II-treated mice [6].
In the current study, we confirmed that Bap promoted the
infiltration of macrophages in the arterial wall of AAA mice

in vivo and activates peritoneal macrophages and
RAW264.7 cells in vitro. However, how Bap activates macro-
phages and ultimately promotes the development of AAA is
unknown. In order to figure out the probable mechanism,
we further carried out a mouse lncRNA profile and identified
the potential role of lncRNA expression in activated macro-
phage in abdominal aortic aneurysm.

lncRNA is a type of noncoding RNAs (ncRNAs). Accord-
ing to the human genome project, the number of total
protein-encoding genes in human accounts for <2% of the
entire human genome sequence, and 90% of the rest noncod-
ing sequences are transcribed, producing a huge number of
ncRNAs [16]. Due to the rapid development of high-
throughput RNA sequencing technology, a vast number of
new ncRNAs have been discovered. The most well-known
ncRNAs are microRNAs (miRNAs), which are ~21–23nt
long and have been proven to play a key role in a variety of
biological and pathological processes [17, 18]. Numerous
studies have already shown the involvement of microRNAs
in AAA development, including miR-195, miR-21, miR-
29b, and miR-24 [19–22]. lncRNAs account for 80% of
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Figure 2: Bap promotes the secretion of TNF-α and increases the expression and activity of MMP-9 in macrophages in vitro.
(a, b) Representative Western blot analysis of TNF-α and MMP-9 in peritoneal macrophages (a) and the quantitative analysis of the
result (b). (c, d) Representative Western blot analysis of TNF-α and MMP-9 in RAW264.7 cells (c) and the quantitative analysis of the
result (d). #p < 0 05 versus DMSO group. (e) Gelatin zymography of MMP-9 in RAW264.7 cells.
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ncRNAs [16]. Previous studies reported that many lncRNAs
were involved in cardiovascular disease. Ming et al. found
that nicotinamide phosphoribosyltransferase (NAMPT)
inhibited EPC senescence through a sirtuin 1 (SIRT1) anti-
sense long noncoding RNA (AS lncRNA)/miR-22/SIRT1
pathway and promoted EPC proliferation and migration
[23]. Wu et al. identified lncRNA-p21 as a key regulator
of cell proliferation and apoptosis during atherosclerosis
through p53 pathway [24]. Viereck and Thum proposed that
lncRNAs were involved in the pathological cardiac remod-
eling, acting as noncoding epigenetic regulators [25]. How-
ever, the role of lncRNAs in AAA is less understood. It is
a requisite to determine the lncRNA profile about AAA
and find key lncRNAs that regulate the pathology of
AAA. Therefore, we utilized high-throughput microarray
lncRNA screening in this study and discovered differen-
tially expressed lncRNAs in Bap-activated macrophages.

Comparing lncRNA expression in Bap-activated macro-
phages and the control group to explore features in inflam-
mation of aneurysm disease is a unique approach presented
here for the very first time, and the identified pathways added
significantly findings to further research in the field. Several
significantly changed lncRNAs in our profile were predicted
to be closely related to macrophage activation. lncRNA
1700123O21Rik, a 675nt lncRNA, is located on chromosome
16. Rbfox1 (RNA-binding protein fox-1) is the associated
gene of lncRNA 1700123O21Rik. He et al. identified that
rare, exonic variants in Rbfox1 had protective effects on BP
traits, which could be important in searching new drugs for
cardiovascular disease [26]. Hence, Rbfox1 is expressed in
multiple tissues that may relate to blood pressure, and the
identification of these rare coding variants will facilitate
precision medicine in treating cardiovascular disease. In
addition, Gao et al. revealed that Rbfox1-dependent RNA
splicing, in particular, an isoform switch of MEF2 gene splice
variants, was a regulatory circuit in cardiac transcriptional
reprogramming, with a significant effect on the pathogenesis
of heart failure [27]. We postulated that the expression of
Rbfox1 may be involved in inflammation, while the mecha-
nism underlying how this gene influence inflammation needs
to be further studied. Another upregulated lncRNA
NR_040734, with a FC of 2.4508004, was associated with
TMEM30A, which was also known as CDC50A. CDC50A
proteins are β-subunits for P4-ATPases, which upon hetero-
dimerization form a functional phospholipid translocation
complex. Emerging evidence in mouse models and men links
mutations in P4-ATPase genes with human disease. Kato
et al. indicated that the phospholipid flippase complex of
ATP8A1 and CDC50A played a major role in cell migration
and suggested that the flippase-mediated translocation of
phosphatidylethanolamine at the plasma membrane is
involved in the formation ofmembrane ruffles to promote cell

migration [28]. It may be related tomacrophage infiltration to
the aortic wall. Generally, lncRNAs mainly affect their
surrounding associated genes. lncRNA-Angptl2, of which
the associated gene was angiopoietin-like 2 (Angptl2), was

Table 2: Number of differentially expressed lncRNAs.

lncRNAs FC 2–5 FC≥ 5 FC≥ 10 Total

Up 211 27 11 249

Down 166 33 9 208

Table 3: Top 10 upregulated and downregulated lncRNAs and
mRNAs in activated macrophage.

Sequence name Gene symbol FC

Top 10 upregulated lncRNAs

NR_040373 Asb17os 1965.641627

ENSMUST00000135495 Ccdc92 45.4580975

uc007cfx.1 AK144617 23.389015

NR_045727 B230209E15Rik 17.9220629

uc007oby.1 AK046721 15.996457

uc007oby.1 AK046721 15.996457

ENSMUST00000173219 Sox2ot 13.8832295

ENSMUST00000145380 Ckmt1 13.4032113

AK083558 AK083558 11.2153303

mouselincRNA1093 mouselincRNA1093 10.2874934

Top 10 upregulated mRNAs

NM_015800 Crim1 32.4476525

NM_134193 Vmn1r232 20.0515965

NM_023135 Sult1e1 15.5459966

NM_146016 Eml6 11.060142

NM_001105061 Gm9268 10.1305416

NM_001001177 BC051142 8.8110002

NM_182745 1700028K03Rik 8.5059219

NM_030739 Vmn1r58 7.0052416

NM_010157 Esr2 6.3562933

NM_010104 Edn1 6.2573404

Top 10 upregulated lncRNAs

NR_040395 D430036J16Rik 536.89308

NR_038179 1700042G15Rik 233.8747012

ENSMUST00000120698 Gm13079 27.4479976

ENSMUST00000177106 Gm20614 15.4528389

ENSMUST00000181660 2610017I09Rik 13.5374124

ENSMUST00000176851 Idi1 12.2999829

uc007gkp.1 AK054042 11.1609776

ENSMUST00000140447 1810010H24Rik 11.0132014

ENSMUST00000146208 Gm15270 10.5662387

AK033575 AK033575 9.4937891

Top 10 downregulated mRNAs

NM_001128609 DEDD 727.5505604

NM_001276250 Cp 245.8931099

NM_001136227 Rtkn 23.4801529

NM_026100 Tctex1d1 13.7970765

NM_029751 Rpl18a 12.9072764

NM_029292 1700008F21Rik 10.9811558

NM_181682 Dsg1b 10.6274348

NM_146689 Olfr1459 7.1381074

NM_173751 Ilvbl 6.4870461

NM_177915 Igsf1 5.9488207
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upregulated in Bap-activated macrophage. Horio et al. found
that endothelial cell-derived Angptl2 accelerates vascular
inflammation by activating proinflammatory signaling and
increasing macrophage infiltration, leading to endothelial
dysfunction and atherosclerosis progression [29]. Richardson
et al. concluded that Angptl2 positively regulates endothelial
colony-forming cell (ECFC) formation in vitro through its
effects onmigration and inpart by activating JNKand increas-
ing MT1-MMP expression [30]. Therefore, we hypothesize
that lncRNA-Angptl2 may play a key role in the formation
of AAA, through acting on its associated gene Angptl2 and
inducing dysfunction of EPCs and macrophages.

Simultaneously, a total of 219 mRNAs, in which119
mRNAs were upregulated and 100 mRNAs were downregu-
lated, were identified as differentially expressed transcripts
between the Bap-activated macrophages and the control
group. Expression of Crim1 was the most greatly up-altered
while DEDD was the most downregulated gene in abnormal
activated macrophages induced by Bap. Crim1 has been
reported to be necessary for coronary vascular endothelial
cell development and homeostasis. Lack of Crim1 in vivo will
lead to the malformation of coronary vasculature and the
reduced number of endothelial cells [31]. DEDD, identified
as death effector domain containing, has been reported to
influence mRNA decay and promote cell apoptosis and

inhibit cell proliferation [32, 33]. Besides, some of the differ-
entially expressed mRNAs detected in this microarray were
associated with the function of stem cells. Among them,
IL1R1 and α-tocopherol transfer protein have been reported
to affect the pathology of AAA. Farhang et al. have demon-
strated that repression of TNFR1 and IL1R1 could inhibit
NF-κB activation, promote extracellular matrix (ECM)
deposition, and allow for maintenance of immunomodula-
tory properties in inflammatory conditions, which was
similar to the pathology of AAA [34]. IL1R1 is a receptor
for interleukin beta (IL-1β). IL-1β, an important inflam-
mation mediator, has been shown to promote EPC prolif-
eration, migration, and adhesion. Zhang et al. suggested
that EPCs could exert self-enhancement effects by interact-
ing with monocytes and that EPCs might also modulate
inflammatory reactions by regulating IL-1β expression in
monocytes. IL-1β has been reported to play a protective
role in vascular repair under inflammatory environments
[35]. Our chip data showed IL1R1 downregulation in Bap-
activated macrophages, which may lead to a low combination
of IL-1β to IL1 receptor and result in an increased inflamma-
tory response. SEC14L2, an α-tocopherol transfer protein
(Ttpa), was expressed in hepatocyte-like cells (HLCs), start-
ing from human mesenchymal stem cells (hMSC) through
induced pluripotent stem (iPS) cell reprogramming. Sa-
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Figure 4: Gene Ontology (GO) analysis of functional classification of the differentially expressed genes. The GO categories cover three
domains: biological process, molecular function, and cellular component. (a) The upregulated GO analysis. (b) The downregulated GO
analysis. The p value denotes the significance of GO term enrichment in the differentially expressed mRNA list. The lower the p value is,
the more significant the GO term is (p value≤ 0.05 is recommended).
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Figure 5: Pathway enrichment analysis. (a, b) The upregulated gene pathway. (c, d) The downregulated gene pathway. The figure shows the
top 10 significant pathways of upregulated and downregulated genes. The p value (Fisher p value) denotes the significance of the pathway
correlated to the conditions. The lower the p value, the more significant the pathway (the recommended p value cut-off is 0.05).
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Figure 6: qRT-PCR validation of differential expressions of lncRNAs. (a) Six lncRNAs confirmed by qRT-PCR show to have significant
changes between Bap-activated macrophage and the control group. Data are expressed as the mean± standard deviation (SD) of three
independent experiments (∗p < 0 05 and ∗∗p < 0 01). (b) qRT-PCR patterns of six lncRNAs are completely consistent with those of
microarray data. The y-axis represents fold change.
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Ngiamsuntorn et al. indicated that, together with the
expression of SEC14L2 and the addition of α-tocopherol,
the expressions of inflammatory cytokines were upregu-
lated during the infection that mimicked the inflammatory
process [36].

Studies about the function of lncRNAs are difficult to
carry out, for most of the lncRNAs are not determined, and
there is no existing database that could be used to find their
functional annotations. To solve this problem, we have tried
to construct a correlation between mRNA and lncRNA. First,
by GO annotation and pathway analysis, we made a systemic
analysis for the functions of the differentially expressed
mRNAs. TNF-α signaling pathway was mostly enriched in
the upregulated genes, and p53 signaling pathway was mostly
enriched in the downregulated genes in Bap-activated mac-
rophages. Our study and previous other studies found that
TNF-α signaling pathway played a key role in AAA develop-
ment [37, 38]. TNF-α signaling pathway is also closely related
to inflammation and oxidative stress. A recent study demon-
strated that TNF-α could aggravate inflammatory reactions
and oxidative damage in bone marrow-derived mesenchymal
stem cells during degenerative bone disease, by upregulating
miR-705 and inhibiting FoxO1 [39]. Another high-
expression signal pathway involved in the activation of
macrophages by Bap was AGE-RAGE signaling pathway, of
which the role in the progression of AAA has been reported
by Zhang et al. Blocking RAGE in a mouse aneurysm model
significantly inhibited the formation of aneurysms and pre-
vented MMP-9 expression in macrophages [40]. This sug-
gests us that lncRNAs acting on the interaction between
AGE and RAGE may ultimately lead to novel therapies to
treat and prevent AAA progression. Our previous study
revealed that RAGE was involved in Bap-induced EPC dys-
function. Bap significantly increased expression of RAGE
protein while Astragaloside IV pretreat downregulated the
expression of RAGE [6, 41]. It is well known that p53 plays
an important role in the pathogenesis of apoptosis [24, 42].
Therefore, we speculate that lncRNAs regulate the activated
macrophages in AAA through upregulating TNF-α signaling
pathway and AGE-RAGE pathway to promote cell inflam-
matory progression and downregulating p53 signal pathway
to inhibit cell apoptosis. Moreover, we need to establish the
contact of lncRNA and mRNA in further study. Generally,
there are two ways: one way is to use the physical adjacency
of the mRNA and lncRNA, and the other is to use the
relationship of coexpression pattern among genes.

In summary, we confirmed the function of macrophages
in Bap-induced AAA in vivo and in vitro and discovered for
the first time a profile of lncRNAs differentially expressed in
Bap-activated macrophages in AAA. Our study on lncRNAs
has greatly expanded the field of gene research in AAA.
Although the mechanisms of the discovered lncRNAs in
Bap-activated macrophages remain to be elucidated, we hope
that our novel discovery will lead to more studies that will
determine its function.
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Repetitive stress negatively affects several brain functions and neuronal networks. Moreover, adult neurogenesis is consistently
impaired in chronic stress models and in associated human diseases such as unipolar depression and bipolar disorder, while it is
restored by effective antidepressant treatments. The adult neurogenic niche contains neural progenitor cells in addition to
amplifying progenitors, neuroblasts, immature and mature neurons, pericytes, astrocytes, and microglial cells. Because of their
particular and crucial position, with their end feet enwrapping endothelial cells and their close communication with the cells of
the niche, astrocytes might constitute a nodal point to bridge or transduce systemic stress signals from peripheral blood, such as
glucocorticoids, to the cells involved in the neurogenic process. It has been proposed that communication between astrocytes
and niche cells depends on direct cell-cell contacts and soluble mediators. In addition, new evidence suggests that this
communication might be mediated by extracellular vesicles such as exosomes, and in particular, by their miRNA cargo. Here,
we address some of the latest findings regarding the impact of stress in the biology of the neurogenic niche, and postulate how
astrocytic exosomes (and miRNAs) may play a fundamental role in such phenomenon.

1. The Relevance of the Hippocampus in the
Stress Response

Stressful life events are strong precipitating factors of neuro-
psychiatric pathologies including mood disorders such as
major depression (MD) or bipolar disorder (BD) [1]. Stress
can be defined as any adaptive mechanism triggered to
recover the organism’s homeostasis, composed of a vast array
of modifications in the physiology of different organs, includ-
ing the central nervous system (CNS) at different scales, that
is, plastic changes which range from molecular dynamics to
behavioral adaptations [2].

The proper adaptive response to stressors is known as
“stress resilience” and the multiple biological processes
underlying resilience are collectively termed allostasis [3].

Nevertheless, plastic changes can be deleterious to cerebral
and overall body health under prolonged stress (reviewed in
[4]). Furthermore, increasing evidence shows that stress
impacts the induction not only of psychiatric but also
systemic pathologies such as cardiovascular diseases, cancer,
and inflammation-related diseases [5–7].

The mechanisms that participate in the stress response
involve the CNS, where the hypothalamus-pituitary-
adrenal axis (HPA) has a central role. HPA activation
leads to an increase in the systemic levels of glucocorti-
coids (GCs) (cortisol in humans and corticosterone in
rodents) in concomitance with changes in the activity of
the autonomic system, with norepinephrine and epineph-
rine as final products [2]. GCs are key hormones of the
stress response that are able to cross the blood-brain
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barrier due to their lipophilic nature. Receptors in target
cells include the high-affinity mineralocorticoid receptor
[8] or the low-affinity glucocorticoid receptors [9]. In the
brain, both receptors are mainly occupied by GCs and
translocate to the nucleus after binding to their ligand,
where they modify the expression of different genes that
govern the stress response. The brain area profoundly
affected during chronic stress is the hippocampus. The
human and rodent hippocampi correspond to a CNS
region where glucocorticoid receptors (GRs) are expressed
in neurons, astrocytes as well as in some neural stem cells
[10–12], conferring a high sensitivity of this forebrain
structure to changes in glucocorticoids levels [13]. A neg-
ative feedback loop mediated by cortisol regulates the
activity of the HPA by targeting structures such as the
paraventricular nucleus and the hippocampus. In the lat-
ter, synaptic inputs can directly exert an overall inhibitory
effect on the activity of the HPA [14]. Stress triggers
molecular and structural changes in the hippocampus,
including dendritic and spine atrophy that is concomitant
to downregulation of specific synaptic protein [15, 16].
Many of these glucocorticoid-mediated changes can be
mimicked by exogenous application of these corticoste-
roids (extensively reviewed by [13]).

Intriguingly, the hippocampus harbors one of the
two identified brain structures in mammals that retains
the capacity to generate new neurons in adulthood, that
is, the neurogenic niche of the subgranular zone (SGZ)
in the dentate gyrus (DG). The process by which new
neurons are continuously generated in the SGZ of adults
is known as adult neurogenesis and implies the self-
renewal, proliferation/activation of neural stem/precursor
cells, their differentiation into neurons, as well as their
migration, maturation, and even their integration into
the hippocampal functional circuits [17–19]. Any modifi-
cation in one of these stages can influence (positively or
negatively) the generation of new neurons, and diverse
pathological conditions including chronic stress have
been described to decrease adult hippocampal neurogen-
esis [20]. Conversely, antidepressant interventions show
an increase in the number of neural stem/precursor cells
in the DG. In fact, some antidepressant drugs depend
on neurogenesis to induce recovery from depressive
symptoms [21–24].

Hippocampal newborn neurons are essential for the
proper endocrine and behavioral adaptation to stress
[25], and SGZ neurogenesis contributes to the negative
feedback on the HPA axis, as its disruption induces a
larger response to a mild stressor [26]. Consistently, it
has been described that altered neurogenesis leads to a
slower recovery of GC levels after stress [27], suggesting
a cross talk between hippocampal neurogenesis and the
HPA axis. Likewise, reduced neurogenesis is associated
with impaired responsiveness of the HPA axis in the
dexamethasone suppression test [28]. Thus, any process
that restores hippocampal neurogenic activity might con-
tribute to better cope with stress. This could take place
at the various stages involved in this process, from cell
proliferation to the generation of mature DG neurons.

2. The Adult Hippocampal Neural Stem/
Precursor Cells

Seri and coworkers [29] observed for the first time that neural
stem cells that undergo proliferation in the SGZ display
radial glia characteristics expressing the glial fibrillary acidic
protein (GFAP), in addition to markers of undifferentiated
cells such as vimentin, SOX2, and Nestin. SGZ stem cells
are called type 1 cells (reviewed by Ming and Song [30]).
These give rise, through asymmetric division, to highly
proliferative intermediate progenitors known as type 2a
(positive for Nestin and PSA-NCAM and negative for GFAP)
and 2b cells (positive for Tbr2 and PSA-NCAM). The latter
cells give rise to neuroblasts or type 3 cells (positive for
doublecortin, PSA-NCAM, and NeuN) that migrate into
the inner granular layer. Within days, type 3 cells will become
immature neurons that, after about 4 weeks, extend dendrites
towards the molecular layer and project axons through the
hilus toward the CA3 (reviewed by Zhao et al., Covic et al.,
and Bonaguidi et al. [17, 31, 32]). In summary, both neural
stem and progenitor cells coexist in the SGZ and can generate
new granule neurons [33, 34]. In the present review, we will
use the acronym NSPCs to describe both neural stem cells
and precursor cells.

3. Magnitude of Adult
Hippocampal Neurogenesis

It has been estimated that in the rat hippocampus 9000 new
cells are generated every 25 hours [35]. In mice, on the other
hand, the number is much lower: only 2700 new cells per day
are generated [36]. After 30 days, ~30% of new cells survive
and differentiate into mature neurons with complex dendritic
and axonal structure. In humans, direct evidence of adult neu-
rogenesis has been provided first by the use of the synthetic
analog BrdU (bromodeoxyuridine, 5-bromo-2′-deoxyuri-
dine) [37] and later on by an elegant publication which pre-
sented an integrated model of cell turnover dynamics in the
hippocampus by measuring the concentration of nuclear
bomb test-derived 14C in hippocampal cells. This work shows
that one-third of human hippocampal neurons are exchanged
throughout life and that 700 new neurons are added per day.
The authors calculated a turnover of 1.75% newborn neurons
peryear thatdecreasedmodestlyduringaging.Taken together,
this data indicates that adult hippocampal neurogenesis is not
a minor process and may contribute significantly to human
brain function during physiology and disease [38].

4. Adult-Born Hippocampal Neurons and the
Impact of Stress

After stressful experiences, the activation of the HPA axis
and the elevation of systemic GC levels lead to the impair-
ment of NSPC proliferation in the SGZ both in developmen-
tal stages as well as in adulthood [39, 40].

Consistently, adrenalectomy increases the formation of
new neurons in young and aged rodents [41–43]. Further-
more, the hyporesponsive stress period in rats (from 2 days
after birth to 2 weeks old), characterized by low basal levels
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of GCs and a diminished response to stress [44], is associated
with the maximal neurogenesis period in the SGZ [45, 46].
Likewise, adrenalectomy prevents the suppression of neuro-
genesis induced by stress [47, 48]. The effect of GCs on the
neurogenic potential has shown to be dose-dependent in a
human hippocampal progenitor cell line. Interestingly, low
concentrations of cortisol stimulate proliferation and
gliogenesis and decrease neurogenesis by signaling through
mineralocorticoid receptors. On the other hand, high doses
of cortisol decreased proliferation through glucocorticoid
receptor signaling, with no effect on gliogenesis [49]. Simi-
larly, decreased neurogenesis has been observed in different
stress models, including chronic and acute stress, for exam-
ple, subordination stress [50], resident-intruder stress [51],
footshock [52], restraint stress [53, 54], or stress-induced by
isolation [55] and predator odor [56]. It is worth remarking
that stress has been shown to affect neurogenesis in a reduced
window of time. Tanapat et al. observed that animals may
experience a rebound in cell proliferation after the initial
stress-induced suppression to compensate the alteration
[47]. These results agree with several publications in which
acute stressful experiences increases neurogenesis [57–60].

Despite significant advances in the field of neurogenesis
and stress over the past two decades, detailed mechanisms
underlying the inhibition of cell proliferation under stress
conditions and its adaptations remain unknown.

5. Astrocytes Are Key Players in Adult
Neurogenic Niche

Neurogenesis is regulated through its specialized microenvi-
ronment, the neurogenic niche. In adult mammals, including
humans, neurogenic niches are concentrated in restricted
areas; the most commonly described are the subventricular
zone (SVZ) of the lateral ventricles and, mentioned above,
the SGZ of hippocampal DG [61, 62]. The regulation of neu-
rogenesis in the neurogenic niche is such that NSPCs
obtained from exogenous SVZ and grafted into another
SVZ host are able to generate new neurons; but NSPCs from
the SVZ grafted into nonneurogenic brain regions show a
scarce neurogenic potential, suggesting that here, a very par-
ticular cellular and molecular context accounts for the con-
trol of neurogenesis [63, 64].

Any cellular type within the niche can influence the neu-
rogenic process by diffusible signals or by cell-cell interac-
tions. In the SGZ, the main cellular components are
astrocytes, endothelial cells, pericytes, oligodendrocytes,
microglia, different types of neurons present in the DG, and
the aforementioned NSPCs [65]. Although each cell type
may have a significant contribution to the neurogenic pro-
cess, in the present review, we will focus on the role of astro-
cytes as key elements in the control of the neurogenic process
under stress.

Astrocytes subserve a myriad of functions that have been
described both in vitro and in vivo (extensively reviewed by
Khakh and Sofroniew [66]). In the hippocampus, protoplas-
mic astrocytes extend their processes radially and some of
them contact blood vessels to form perivascular end feet of
the blood-brain barrier (BBB), while others may contact

neurons (e.g., tripartite synapse) or be coupled to oligoden-
drocytes through connexins [67]. In addition, astrocytes
may connect with other astrocytes through connexins, gener-
ating a sort of functional syncytium able to signal by propa-
gating calcium waves along several distant cells in vivo [68].
It is therefore not surprising that they are thought to have a
central role in the functional output of the neurogenic pro-
cess [69]. For example, astrocytes negatively influence the
differentiation of NSPCs after the activation of jagged1-
mediated Notch pathway by cell-cell contact [70] or by the
secretion of growth factors such as insulin-like growth factor
binding protein 6 (IGFBP6) and decorin [71]. On the con-
trary, released factors such as Wnt3a, neurogenesin-1, and
different interleukins such as IL-1β and IL-6 or cell-to-cell
contact mediated by ephirn-B2 signaling positively regulate
neurogenesis [29, 71–74]. Thus, it is possible that, depending
on the physiological and anatomical context, the astrocyte
secretome has distinct effects on the neurogenic process
[71]. In this line, hippocampal astrocytes are more efficient
than cortical astrocytes in promoting neuronal differentia-
tion of NSPCs [75].

The secretory activity of astrocytes in the DG mediates
the synaptic and network integration of newborn neurons
in vivo, highlighting their role as key mediators of the func-
tional output of neurogenesis [76]. Previous data supports
this view, as astrocytes promote the differentiation of progen-
itor cells and control the maturation and synaptic integration
of newborn neurons in vitro [77, 78].

6. Stress, Astrocyte Plasticity, and Neurogenesis

Awide body of evidence has shown that acute and/or chronic
stress can alter the morphology and functionality of different
glial cell types in the brain, such as microglia [79, 80], oligo-
dendroglia [81], and astrocytes [82].

Czéh et al. observe that tree shrews subjected to 5
weeks of psychosocial stress showed a 25% reduction in
the intermediate filament protein of astrocytes GFAP, as
well as a 25% reduction in the somatic volume of hippo-
campal astrocytes [83]. In the past few years, several
publications using other stress protocols have led to simi-
lar observations [84–86]. Nevertheless, some publications
using the chronic restraint model have reported an
increase in GFAP positive cell number and in the protein
level in the hippocampus [87, 88].

Other proteins expressed by astrocytes such as connexin
30 and 43 (gap junction proteins), the water channel
aquaporin-4 (AQP4), the calcium-binding protein S100β
and the amino acid transporters 1 and 2 (EAAT1, EAAT2),
and glutamine synthetase have altered expression levels in
both animals models of stress and in human brain samples
analyzed postmortem compared with controls (reviewed in
[89]). Despite the importance of some of these proteins in
calcium homeostasis, there is a lack of studies showing how
astrocytic calcium metabolism is regulated under stress
conditions.

Moreover, a recent publication by Zhao et al. has shown
that a decrease in glycogen content is associated with chronic
stress, being one of the main mechanism in astrocytes
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capable of inducing their structural and molecular alter-
ations. This result may be of importance as it moves away
from the GC-centered theory of stress [90].

On the other hand, different publications have reported
that when astrocytes are exposed to high levels of GCs, GC
bound to GRs translocates to the nucleus and enhances the
expression of genes related with neurogenesis, one example
is the Fgf2 gene [91]. FGF2, the protein encoded by Fgf2, is
a potent and necessary proliferative factor in adult NSPCs
[92]. Nevertheless, other different effects mediated by astro-
cytes over the adult neurogenesis after a stressful condition
have not been fully unveiled. In Table 1, we resume the main
effects described for this issue, both in vivo and in vitro.

7. Exosomes Biogenesis and the Relevance of
Their Content in Controlling
Cellular Function

In addition to soluble components (see Section 5), the astro-
cyte secretome contains extracellular vesicles (EVs) such as
exosomes [93] that represent a different source of cell-cell
communication [94, 95]. Exosomes are generated in the
endocytic pathway after the invagination and subsequent fis-
sion of a domain in the endosomal membrane that give rise
to an exosome precursor called intraluminal vesicle (ILV)
of the multivesicular body (MVB). After the fusion with the
plasma membrane, the ILVs are released into the extracellu-
lar space as spherical vesicles of 40–100 nm, called exosomes
[96]. The biogenesis of exosomes requires different molecular
components including the mechanisms dependent of the
ESCRT (endosomal sorting complex required for trans-
port) machinery [97, 98] and lipid-dependent mechanisms
[99, 100]. Proteins that participate in their biogenesis are fre-
quently used as positive markers of exosomes, as well as pro-
teins associated with lipid rafts and tetraspanins such as Alix,
flotillin, TSG101, and CD63 [101].

Exosomes contain a complex molecular cargo that
include proteins, lipids, and nucleic acids that may be

biologically active on recipient cells [102]. The protein
composition is diverse and depends on the cellular type and
the physiological context; nevertheless, as they originate in
the endocytic pathway, the most common proteins indepen-
dent of the cell type of origin are related to vesicular transport
and fusion (Rab GTPasas, SNAREs, annexins, and flotillin),
different integrins and tetraspanins (CD63, CD9, CD81,
and CD82), and heat shock proteins (Hsc/Hsp 70 and
90) and proteins implicated in the biogenesis of MVB
(Alix and TSG 101) [103]. Regarding their lipidic content,
one characteristic of the exosomes is their enrichment in
lipid rafts including cholesterol, sphingolipids (such as
ceramide), and glycerophospholipids with long and satu-
rated fatty acyl chains [101]. Finally, among the most
relevant biologically active molecules present in exosomes
are nucleic acids, particularly small noncoding RNAs such
as miRNAs (see below).

Exosomes play a significant role in the secretome of a
given cell, subserving functions in the communication
between cells [104]. Furthermore, virtually all eukaryotic
cells release exosomes and are capable of taking them up
[105, 106]. Regarding the CNS, oligodendrocytes, neurons,
astrocytes, and microglia are capable of releasing exosomes
with functional consequence on neuronal physiology [107].
Actually, exosomes have been proposed to be key players in
the pathogenesis of different CNS diseases, including neuro-
degenerative diseases, infectious diseases, neuroinflamma-
tion, and even psychiatric disorders such as depression
[108, 109]. Considering the high molecular diversity and
complexity of their cargo, a fundamental question to under-
stand the biological relevance of astrocytic exosomes in neu-
rogenesis is a critical analysis of the relevant molecular cargo
that could potentially control the fate of NSPCs and the neu-
rogenic process.

So far, the functional transfer/interaction of exosomes to
target cells has been shown mostly in vitro, but there is
increasing data being obtained in vivo. Analysis of in vivo evi-
dence is crucial as it settles the basis to propose that astro-
cytes within the neurogenic niche might be able to modify

Table 1: Effect of stress over neurogenesis mediated by astrocytes.

Type of stress Type of study Cellular effect Molecular mechanism References

Acute and chronic induced by
dexamethasone

In vivo Growth inhibition of astrocytes
After inducing cell cycle exit by reduction of

cyclin D1 and increase of p27

[128]
In vitro

Inhibition of NSPC proliferation
(cultured with CM of stressed

astrocytes)

By altered expression of neurotrophic
factors (BDNF, NGF) and mitogenic factors
(BFGF, VEGF) and death-inducing factors

(FasL, Trail, Tweak, and TNFα)

Acute induced by
dexamethasone or
corticosterone

In vitro
Inhibition of astrocytes

proliferation
By inducing reduction of GR expression

[129]
Chronic induced by
administration of ACTH

In vivo
Inhibition of astrocytes

proliferation
By inducing reduction of GR expression

Acute and chronic In vivo
Regulation of mRNAs in a cell

type-dependent fashion
By glucocorticoids receptors [130]

Acute In vivo
Increase hippocampus cellular

proliferation
Increase of astrocytes FGF2 expression [131]
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NSPCs’ physiology through functional transfer of exosomal
cargo in physiological conditions and during diseases. In this
regard, an outstanding result came from the work of Zhang
et al. where they found in vivo that tumor cells lose the
expression of the tumor suppressor protein phosphatase
and tensin homolog (PTEN) after incorporating astrocytic

exosomes, due to the presence of a microRNA (miRNA) that
targets PTEN [110].

Thus, although still speculative, we discuss a putative sce-
nario where astrocytes in the neurogenic niche modulate the
cellular behavior of NSPCs on the virtue of exosome transfer.
It is important to notice that, in the literature, several of the

Table 2: miRNA associated with neurogenesis present in astrocytes- and astrocytes-derived exosomes.

miRNA Expression level Cellular process Molecular target References

miR-9 Overexpression Reduces axonal branching and neurite outgrowth MAP1b [132]

miR-9
Upregulation/
overexpression

Promotes neuronal differentiation Notch signaling, several targets [133]

miR-9
Upregulation/
overexpression

Promotes neuronal differentiation and dendritic
branching, inhibits migration

TLX, REST, Rap2a, and stathmin [134]

miR-9
Upregulation/
overexpression

Suppresses astrogliogenesis
Lifr-beta, Il6st (gp130), and Jak1

(jack/stat pathway)
[135]

miR-9
Upregulation/
overexpression

Promotes neuronal differentiation and migration
TLX/Nre1, Foxg1, REST/NRSF,
CoREST, Meis2, Gsh2, Islet1, Id4,

and stathmin
[136]

miR-9 Overexpression Mediates neural differentiation of ES cell STAT3 [137]

miR-9 Overexpression Promotes neuronal differentiation
Foxg1, Gsh2, SIRT1,
and REST/NRSF

[138]

miR-9 Overexpression
Inhibits NSPC proliferation and facilitates NSPC

differentiation
TLX [118]

miR-9 Overexpression
Inhibits NSPC proliferation and facilitates NSPC

differentiation
Hes1 (notch signaling) [139]

miR-26a Upregulation Inhibits spine enlargement RSK3 [140]

miR-26a Downregulation Prevents axonal regeneration GSK3β [141]

miR-26b Upregulation Promotes neuronal differentiation Ctdsp2 [142]

miR-29a Upregulation Increase axonal branching DCX [143]

miR-34a Upregulation Promotes neural differentiation and synaptogenesis
TAp73, synaptotagmin-1, and

sintaxin-1A
[144]

miR-34a Upregulation Inhibits neuronal differentiation, promotes proliferation Numbl, NeuroD1, and Mash1 [134]

miR-34a Upregulation
Promotes apoptosis, inhibits cell cycle progression and

synaptic development
BCL-2, Cdk-4 Cyclin D2

synaptotagmin syntaxin-1A
[134]

miR-34a Upregulation
Negatively regulate neurite outgrowth and dendritic

branching
[134]

miR-125b Upregulation Promotes neuronal differentiation BMP/TGFβ signaling [133]

miR-125b Upregulation Promotes neuronal differentiation Nestin [145]

miR-125b Upregulation
Inhibits NSPC proliferation and promotes

differentiation
Musashi1 [146]

miR-129 Upregulation Determination of the bipolar cell identity in retina Xotx2, Xvsv1 [147]

miR-135b
Upregulation/
Overexpression

Promotes neuronal induction BMP/TGFβ signaling [148]

miR-145 Upregulation Promotes neuronal differentiation OCT4, SOX2, and KLF4 [149]

miR-145 Upregulation Promotes neuronal differentiation SOX2, Lin28/let7 [150]

miR-221 Downregulated Neurite guidance [151]

Let-7
family

Upregulation
Pluripotency inhibitor promoting neural lineage,

promotes neuronal differentiation
Lin28 [133]

Let-7
family

Upregulation Promotes NSPCs differentiation c-Myc, Lin28 [136]

Let-7b Upregulation
Inhibits proliferation and promotes the differentiation

of NSPCs
TLX, Cyclin D1 [152]

miR-543 Upregulation
Promotes neural stem cell differentiation and neuronal

migration
N-Cadherin, TrappC8 [153]
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functional effects described for exosomes are attributed to
mRNA or miRNA transfer rather than proteins or lipids
(as an example see [111]), though there is a growing
interest to examine the relevance of these molecules in
the exosomal cargo.

8. miRNAs in Astrocyte-Derived Exosomes as
Modulators of Adult Neurogenesis and Stress
Response

miRNAs are small noncoding RNAs (20–22 nucleotides) that
cause deadenylation as well as translational repression of
mRNAs by binding to their 3′ untranslated region (3′UTR).
They have been proposed to be integral regulatory molecules
in both physiological conditions and in disease states,
because a single miRNA molecule can repress several hun-
dreds (and even thousands) of mRNA molecules [112, 113].
Furthermore, the targeting of a single mRNA by a miRNA
can potentially modulate the transcription of a vast array of
proteins [114].

miRNAs are known to be a key element for neuronal
differentiation; for example, Kawase-Koga et al. observed
that NSPCs undergo cell death and affecting also the neuro-
nal differentiation and their maturation after conditionally
deleting the expression of the RNAse III enzyme DICER,
an enzyme that processed miRNA precursor into mature
miRNAs in specific stages of mice development [115].
Another miRNA that has also proved to modulate neuronal

differentiation is miR-124, which contributes to the
downregulation of Ezh2, a histone H3 Lys-27 histone meth-
yltransferase that governs the transcription of several
neuron-specific genes, diminishing the differentiation of
mouse embryonic NSPCs as a final outcome [116, 117].

On the other hand, an increase in the expression of miR-9
in neurogenic regions leads to a reduction of NSPC prolifer-
ation and accelerated neural differentiation due to its modu-
lation of TLX, a key regulator of NSPCs self-renewal, whereas
the knock-in of miR-9 leads to increased proliferation of
NSPCs [118]. Other miRNAs such as miR-128 and miR-
137 promote differentiation of NSPCs, while their knock-
down compromises their self-renewal [119].

Recently, Han et al. have shown that miRNA-19 (a mem-
ber of polycistronic miRNA genes critical for brain develop-
ment) is enriched in NSPCs and decreases during neuronal
development. They found that this miRNA controls the mat-
uration and positioning of newborn neurons in the granular
cell layer of the DG by suppressing Rap guanine nucleotide
exchange factor 2 (Rapgef2) [120]. In another study, the
authors found that miR-20 downregulates the transcriptional
repressor gene REST, inhibiting the differentiation of NSPCs
[121]. Other miRNAs controlling both proliferation and
differentiation of adult NSPCs are miR-137 [122] and rno-
miR-592 [123]. Taken together, these data indicate an impor-
tant participation of miRNAs in adult neurogenesis.

Multiple evidence has shown a relationship between
miRNAs and stress, both in animal models of stress and in
human patients with depression. Furthermore, some

Table 3: miRNA associated with neurogenesis enriched in astrocytes derived exosomes.

miRNA Expression level Cellular process Molecular target Reference

miR-25b Overexpression Promotes proliferation and differentiation of NSPCs IGF signaling [154]

miR-17-92 Overexpression Increase axonal outgrowth PTEN [123]

miR-92a
Upregulation/
overexpression

Inhibits the transition from radial glial cells to intermediate
progenitors

Tbr2 [155]

miR-184 Upregulation Inhibits differentiation and promotes proliferation of NSPCs Numbl [156]

miR-302 Upregulation Block neural progenitor induction
BMP/TGFβ,

NR2F2
[157]

miR-96 Upregulation Block neural progenitor induction PAX6 [158]

Table 4: miRNA associated with neurogenesis modified after different stimulus.

miRNA Expression level Cellular process Molecular target Reference

miR-181a
Upregulated
by morphine

Promote astrocyte-preferential differentiation
of NSPCs

Prox1/Notch2 [159]

miR-23b
Upregulated
by morphine

Adult neurogenesis Morphine receptor expression (MOR1) [160]

miR-190
Downregulated
by fentanyl

Adult neurogenesis NeuroD [161]

miR-143
Upregulation
by IGF-1

Promotes proliferation, neural differentiation,
and cell survival

PDGFRA, PRKCE, MAPK7, DSSP, DMP-1,
KRAS, and BCL-2

[162]

miR-181c
Upregulation
by IGF1/LIF

Enhanced self-renewal of NSPCs
PTPN11, PTPN22, PTEN, Dusp6, PBX3,

ZEB2, and IRF8
[162]
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miRNAs have been postulated as potential biomarkers of
stress/depression (extensively reviewed by Dwivedi and
Brites and Fernandes [124, 125]). miRNAs also may play
important roles in the mechanism of action of antidepres-
sants: for example, in early-life stress models, the downregu-
lation of miR-451 was reversed after antidepressant
treatment [126].

Regarding astrocytes, although the information available
about the differential cargo of astrocyte-derived exosomes
after stressful conditions is scarce, it is worth pointing out
that several miRNAs that are up or downregulated in stress
conditions are contained in exosomes secreted by astrocytes.
These miRNAs have also been described to play a role in the
neurogenic process (Tables 2 and 3). Interestingly, miRNAs
contained in astrocyte-derived exosomes are differentially
enriched as compared to their levels in astrocytes [127], sug-
gestive of their unique role in cellular communication. More-
over, many of the miRNAs contained in astrocytes can be
modulated by different stimuli (see Table 4). All these data
lead us to postulate astrocyte-derived exosomes as potential

modulators of proliferation, migration, and/or differentiation
of NSPCs within the neurogenic niche, and that changes in
exosomal release as well as in their miRNA cargo can play a
role in neurogenesis under stress conditions, in a similar
fashion as it has been described for other CNS pathologies.

9. Conclusions and Future Perspectives

The production and proliferation of neural lineages (neu-
rons, astrocytes, and oligodendrocytes) are a complex phe-
nomenon tightly regulated by a multiplicity of factors. This
regulation is susceptible to profound modifications when
the homeostasis of the environment changes due to acute
or chronic disorders. In the case of chronic stress, the
observed modifications in the neurogenic niche (i.e., a
decrease in NSPC proliferation/differentiation) lack a solid
molecular explanation. Astrocytes may be key players to fur-
ther understand on how and why the neurogenic niche
responds the way it does in physiological and pathophysio-
logical conditions. This is especially true in the case of the
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Figure 1: Blood-borne soluble factors reach astrocytes in the neurogenic niche, thus triggering the release of exosomes. In physiological
conditions, the content of their cargo may exert a positive modulatory effect over one or more neurogenic stages (e.g., enhancing
proliferation, and differentiation). During pathological conditions such as chronic stress, astrocytes respond to blood-borne soluble factors
(e.g., corticosteroids and cytokines) by releasing exosomes with a cargo that may have a negative modulatory influence over one or more
neurogenic stages. Astrocytes may in turn communicate with each other through gap junctions and/or by exosomal release. This may
partly explain the decrease in differentiation and proliferation observed under such conditions. Note that the exosomal content under
pathological or physiological conditions may differ in terms of the identity of the molecules (e.g., different types of miRNAs or proteins)
and/or in their overall quantity. GCL: granule cell layer; SGZ: subgranular zone; NPSC: neural stem/precursor cell.
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SGZ, where, due to their proximity with the vasculature,
astrocytes may respond to factors in circulation (e.g., cortico-
steroids) to influence the behavior of the neurogenic niche
[18]. We propose that a putative mechanism by which astro-
cytes exert their influence is through exosomal delivery of
specific miRNAs. This could provide a finely tuned regula-
tory system, acting through two mechanisms: the first one
is related to the unique membrane protein footprint that
would enable astrocyte-derived exosomes to target specifi-
cally some, but not all, cell types of the neurogenic niche,
and the second one is related with the miRNA cargo that
most probably is unique under certain conditions. This could
provide an exquisite temporal and spatial regulation for every
single cell type implicated during the whole process of neuro-
genesis (Figure 1).
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Because of their capability of differentiation into lineage-specific cells, stem cells are an attractive therapeutic modality in
regenerative medicine. To develop an effective stem cell-based therapeutic strategy with predictable results, deeper
understanding of the underlying molecular mechanisms of stem cell differentiation and/or pluripotency maintenance is required.
Thus, reviewing the key factors involved in the transcriptional and epigenetic regulation of stem cell differentiation and
maintenance is important. Accumulating data indicate that long noncoding RNAs (lncRNAs) mediate numerous biological
processes, including stem cell differentiation and maintenance. Here, we review recent findings on the human lncRNA
regulation of stem cell potency and differentiation. Although the clinical implication of these lncRNAs is only beginning to be
elucidated, it is anticipated that lncRNAs will become important therapeutic targets in the near future.

1. Introduction

Stem cells are specialized cells capable of differentiating into
lineage-specific cells. Depending on their potential to differ-
entiate and source of origin, stem cells can be broadly catego-
rized into embryonic stem cells (ESCs), induced pluripotent
stem cells (iPSCs), and adult stem cells such as bone marrow
mesenchymal stem cells (BM-MSCs) and adipose-derived
stem cells (ADSCs). Due to their differentiation and self-
renewal abilities, stem cells have been highly regarded as an
effective therapeutic modality in regenerative medicine [1].
Effective stem cell therapeutics should be based on a
meticulously designed strategy, especially if the goal of
stem cell-based therapy involves in situ differentiation of
stem cells. In other words, to develop an effective stem cell-
based therapeutic strategy with predictable results, deeper
understanding of the underlying molecular mechanisms of
stem cell differentiation and/or pluripotency maintenance is
required. Therefore, it is worth reviewing the key factors

involved in the transcriptional and epigenetic regulation of
stem cell differentiation and maintenance. One of such key
factors of stem cell biology is a group of noncoding RNAs
(ncRNAs) [2, 3].

A large portion of the human genome is transcribed into
RNAs without coding proteins. Noncoding RNAs are such
RNAs that are not translated into proteins. Based on their
sizes, they can be classified into the following 2 categories:
small ncRNAs and long ncRNAs. Small ncRNAs refer to
ncRNAs shorter than 200 nucleotides long, while long
ncRNAs (lncRNAs) refer to ncRNAs composed of 200 or
more nucleotides. Small ncRNAs can be further categorized
into subcategories based on their length, function, and
subcellular localization such as microRNAs (miRNAs), short
interfering RNAs (siRNAs), Piwi-interacting RNAs (piR-
NAs), small nucleolar RNAs (snoRNAs), short hairpin RNAs
(shRNA), and other short RNAs [4, 5]. These small ncRNAs
have been implicated in stem cell biology, and many excellent
articles on the role of these small ncRNAs in stem cell biology

Hindawi
Stem Cells International
Volume 2017, Article ID 6374504, 10 pages
https://doi.org/10.1155/2017/6374504

https://doi.org/10.1155/2017/6374504


are already available [6–8]. Therefore, only the lncRNAs with
documented functions affecting human stem cell biology will
be discussed in this particular review.

2. General Regulatory Mechanisms of lncRNA

LncRNAs are a class of RNAs that do not encode proteins but
participate in multiple biological processes. Thanks to the
advanced RNA sequencing technology, the number of
sequence-verified lncRNAs is rapidly increasing [9]. The
transcriptional process of lncRNAs is the same as that of
protein-coding messenger RNAs (mRNAs). RNA polymer-
ase II (PolII) transcribes lncRNAs from genomic loci, and
the transcribed lncRNAs are frequently 5′ capped, spliced,
and polyadenylated [10]. Except few specific characteristics
of lncRNAs (lack of translated open reading frames, rela-
tively shorter length, and poor conservation of primary
sequence [11]), there is no known fundamental biochemical
difference between messenger RNAs (mRNAs) and
lncRNAs. A recent review authored by Quinn and Chang
can provide more information on the general lifecycle of
lncRNAs and known functions in depth [12]. Accumulating
data indicates that lncRNAs mediate numerous regulatory
processes such as imprinting genomic loci, chromosomal
conformation, and allosteric regulation of enzyme activity
[13, 14]. LncRNA-mediated regulatory mechanisms are
diverse, and few examples of the regulatory mechanisms of
lncRNAs are described in Figure 1.

In cytoplasm, lncRNAs can regulate gene expression by
modulating turnover, translation, or suppression of partially
complementary mRNAs [15]. It has been reported that a
double-stranded structure formed by the interaction between
the Alu elements of lncRNAs and the complementary Alu
elements in the 3′ untranslated region of an mRNA facilitates
Staufen-mediated mRNA turnover [16]. As an example of
lncRNA-mediated mRNA translation, it has been reported
that lncRNA containing short interspersed nuclear elements
B2 (SINEB2) repeats increased ubiquitin carboxy-terminal
hydrolase L1 (Uchl1) mRNA translation through associa-
tion with the 5′ region [17]. LncRNAs can also block
miRNA-mediated silencing of an mRNA by masking the
miRNA-binding sites on a target mRNA [18]. Some lncRNAs
can act as a sponge for endogenous miRNAs, neutralizing
miRNA-mediated silencing of mRNAs [19, 20]. LncRNA-
mediated signaling pathway modulation in cytoplasm also
has been reported. According to a previous study, NF-
kappaB interacting LncRNA (NKILA) inhibits NF-κB signal-
ing by masking the IκB phosphorylation sites of NF-κB/IκB
complex, stabilizing the complex [21].

Nuclear lncRNAs can act as an epigenetic regulator or a
guide by recruiting chromatin modification factors to locus.
For example, lncRNA PVT1 has been reported to recruit
enhancer of zeste homolog 2 (EZH2, a histone modifying
enzyme) to the large tumor suppressor kinase 2 (LATS2)
promoter, repressing LATS2 transcription [22]. As scaffolds,
nuclear lncRNAs bring together multiple proteins to form
ribonucleoprotein (RNP) complexes. Such lncRNA-RNP
complexes can either affect histone modifications or stabilize

signaling complexes or nuclear structures [23]. Another way
of nuclear lncRNA facilitating gene expression is acting as
decoys. Decoy lncRNAs modulate transcription by seques-
tering regulatory factors such as transcription factors and
catalytic proteins, rendering them less available for tran-
scription [24]. Additionally, lncRNAs can regulate mRNA
splicing process. For example, metastasis-associated lung
adenocarcinoma transcript 1 (MALAT-1) regulates alterna-
tive splicing by modulating the phosphorylation of serine/
arginine splicing factors [25].

3. Human lncRNA in Stem Cells

During the last few years, a number of good reviews on the
role of lncRNAs in stem cell biology have been published
[2, 26–28]. However, those previous reviews were not specific
to the lncRNAs reported to exist in human. Although animal
models (i.e., mouse) provide us a great deal of information
that can be directly applied to human biology, not all the
information obtained from animal studies can be applied to
humans. In fact, studies have indicated that lncRNAs are less
conserved than protein-coding genes [11, 29]. According to a
previous study conducted a clone-based genome assembly of
mouse, only a small portion of mouse lncRNAs had evidence
of human expression [30]. This particular study indicated
that only half of the mouse lncRNA sequences (1538 out of
3051 mouse lncRNAs documented) could be mapped to the
human genome assembly, and furthermore, only 14% of the
mouse lncRNA sequences (439 out of 3051 mouse lncRNAs
documented) had evidence of orthologous transcription in
human based on expressed sequence tag (EST) or cDNA.
Of course, those lncRNAs lacking evidence of human ortho-
logs may be simply unidentified in humans as yet. However,
it is still worth summarizing lncRNAs identified in human
stem cells considering that one of the major purposes of
studying stem cell regulation is to develop more effective
clinical strategies utilizing stem cells. Therefore, this review
deals with the lncRNAs (1) whose regulatory function has
been confirmed in human stem cells or (2) whose existence
has been verified in human and the function of its orthologs
from other species has been reported in stem cells.

3.1. Eosinophil Granule Ontogeny (EGO). In 2007, Wagner
and colleagues first identified EGO as a long noncoding
RNA nested within an intron of inositol triphosphate recep-
tor type 1 (ITPR1) by demonstrating that EGO transcript was
not associated with ribosomes [31]. According to their study,
the transcript level of EGO increased during interleukin-5-
(IL-5-) induced eosinophil differentiation of human CD34+

hematopoietic stem cells from healthy donors. Silencing
EGO subsequently decreased the mRNA expression of major
basic protein (MBP) and eosinophil-derived neurotoxin
(EDN), suggesting that EGO was required to maintain nor-
mal level of MBP and EDN during eosinophilopoiesis of
umbilical cord blood CD34+ cells. EGO acting as a small
interfering RNA (siRNA) or protecting mRNAs from deg-
radation by forming an RNA-protein complex has been
proposed as possible mechanisms.
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3.2. Gomafu (Alias: MIAT or RNCR2). In 2004, retinal non-
coding RNA 2 (RNCR2) was first reported in the developing
retina of mouse with nuclear- or perinuclear-localized
expression pattern [32]. More recent study reported that
nuclear-localized RNCR2 regulates retinal cell specification
acting as a suppressor of differentiation into amacrine inter-
neurons and Müller glia cells [33]. In between those two
studies mentioned above, Sone and colleagues reported a

noble mRNA-like noncoding gene named Gomafu (meaning
“spotted pattern” in Japanese) as a neuron-specific compo-
nent of the nuclear matrix [34]. They found that Gomafu
shares homologous region with RNCR2 and that human
homologous sequence was located in a syntenic region of
chromosome 22q12. As to the role of Gomafu in stem cell
biology, it has been suggested that Gomafu and Oct4 estab-
lish an autofeedback loop to maintain pluripotency of mouse

Chromatin
modification factorsX

Nucleus

mRNA

Turnover

Cytoplasm

miRNA

mRNA

X

IkB

NF-kB

X

IkB NF-kB

p

NKILA

A

B
C

D

E

F

Chromatin remodeling
Transcription
factors

lncRNA-
binding proteins

Decoy for trascription factors

Scaffold for RNP complex

Epigenetic regulator

(i)
(ii)

(iii)

(i)
(ii)

Silencing
Translation

Histone modification

Figure 1: Schematic diagram of lncRNA-mediated regulatory mechanism. In cytoplasm, (A) lncRNAs can regulate turnover, translation, and
silencing of partially complementary mRNAs. (B) lncRNAs can act as a miRNA sponge, reducing miRNA availability. (C) lncRNAs can
modulate signaling pathways by interacting with signaling molecules. In nucleus, (D) nuclear lncRNAs can be decoys for regulatory
proteins such as transcription factor. (E) Nuclear lncRNAs can serve as a scaffold for RNA-protein complex. RNP: ribonucleoprotein.
(F) Nuclear lncRNAs can be an epigenetic regulator by recruiting chromatin modification factors.

3Stem Cells International



embryonic stem cells (mESCs) [35]. RNAi-mediated down-
regulation of Gomafu led to downregulation of Oct4, along
with decreased expression of Oct4-driven pluripotency
markers, such as Sox2, Klf4, Gdf3, Fgf4, and Dppa3/Stella.
On the other hand, RNAi specific to Gomafu increased the
expression of trophoblast markers such as Cdx2, Hand1,
Eomes, and Gata3 [36–38], suggesting a possible role of
Gomafu as an endogenous inhibitor of differentiation along
the trophoblast lineage.

Gomafu was also involved in neurogenesis and oligoden-
drocyte (OL) lineage specification of neural stem cells (NSCs)
[39]. Gradient of sonic hedgehog (Shh) signaling promotes
differentiation of nestin-positive NSC in the ventral forebrain
into bipotent Nkx2.1-expressing bipotent neuronal-OL pro-
genitor (N/OP) that can be further differentiated into
GABAergic neurons (GABANs) and OLs [40]. During basic
fibroblast growth factor (bFGF) and N-terminal active form
of sonic hedgehog- (N-Shh-) induced N/OP differentiation
of NSCs, Gomafu was downregulated but increased again in
OL lineage specification and maturation [39]. However, the
underlying mechanisms of Gomafu regulation or functional
consequences have not been elucidated. Another alias of
Gomafu is myocardial infarction-associated transcript
(MIAT) [41]. A very recent study reported that knockdown
of MIAT promoted osteogenic differentiation of human
adipose-derived stem cells (hASCs), suggesting its role as
an endogenous suppressor of osteogenic differentiation of
stem cells [42]. Nevertheless, the underlying mechanisms
remain unexplored.

3.3. Embryonic Ventral Forebrain 2 (Evf2). Evf2 is an anti-
sense lncRNA to distal-less homeobox 6 (Dlx-6) genes of
Dlx-5/6 cluster, and it forms a complex with Dlx-2 to
increase the activity of Dlx-5/6 enhancer during neurogen-
esis [43]. Evf2 is transcribed from the Dlx-5/6 intergenic
enhancer elements ei and transcripts analysis using human
EST database indicated that it is conserved in human.
Although no specific function of Evf2 in stem cell has been
elucidated, it has been reported that its expression increased
during GABAN differentiation of N/OP [39].

3.4. Metastasis-Associated Lung Adenocarcinoma Transcript
1 (MALAT-1).MALAT-1 is an oncogenic lncRNA conserved
across several species including human and highly expressed
in lung, pancreas, and non-small-cell lung cancer [44]. It was
first reported in cancer, and accumulating data also indicate
it plays significant roles in cancer stem cell biology.
MALAT-1 has been reported to activate the transcription of
latent-transforming growth factor beta-binding protein 3
(LTBP3), a transforming growth factor beta (TGF-β)
bioactivity-regulating gene [45], by recruiting transcription
factor Sp1 to the LTBP3 promoter in MSCs from myeloma
patients [46]. The oncogenic role of MALAT-1 may be
partially mediated by TGF-β production because TGF-β
can promote tumor cell growth by triggering interleukin-
6 (IL-6) and vascular endothelial growth factor (VEGF)
production [47].

According to another study using human glioma stem
cell line SHG139S, downregulation of MALAT-1 suppressed

the expression of stemness markers such as Sox2 and Nestin,
while it increased the proliferation of SHG139S by activat-
ing ERK/MAPK signaling [48]. Furthermore, MALAT-1
increased the proportion of chemotherapy-resistant pancre-
atic cancer stem cells with enhanced self-renewing capacity,
and this was related to the increased expression of Sox2
[49]. A more recent study demonstrated that MALAT-1,
with another lncRNA highly upregulated in liver cancer
(HULC) [50], increased the expression of telomere repeat-
binding factor 2 (TRF2) and accelerated liver cancer stem cell
growth [51]. Such stemness and proliferation regulating role
of MALAT-1 are reported in non-cancer stem cells such as
iPSCs [52] and hematopoietic cells [53], as well.

3.5. H19. lncRNA H19 is the first lncRNA discovered, and it
is paternally imprinted [54]. Human H19 is mapped to the
H19-insulin-like growth factor 2 (IGF2) loci of chromosome
11p15.5. H19 transcribes a 2.3 kb lncRNA composed of 5
exons. From the first exon, H19 transcript produces the
oncomir miR-675-5p and miR-675-3p [55]. MiR-675 is
known to be expressed exclusively in the gestational placenta
inhibiting placental growth [56]. The expression of miR-675
and H19 has been verified in human cells [57, 58]. The
first evidence that H19 is involved in embryonic stem cell
differentiation was reported in 1991. Poirier and colleagues
demonstrated that H19 expression was activated during
early murine embryogenesis [59]. Recently, the role of
H19-IGF2 locus in adult hematopoietic stem cell (HSC)
quiescence was reported. Maternal-imprinted H19-derived
miR-675 suppresses IGF2-IGFR1 signaling pathway lead-
ing to Foxo3-mediated cell cycle arrest. This causes adult
HSC quiescence which is required for long-term mainte-
nance of HSC [60].

3.6. HOX Antisense Intergenic RNAMyeloid 1 (HOTAIRM1).
HOTAIRM1 was discovered as a myeloid-specific intergenic
lncRNA of human HOXA1 and HOXA2 [61]. In their
study, Zhang and colleagues reported that HOTAIRM1
was upregulated during granulocyte differentiation of human
HSCs in a myeloid lineage-specific manner. Furthermore,
knockdown of HOTAIRM1 attenuated the expression of
CD11b and CD18, well known myeloid cell markers [62],
suggesting HOTAIRM1 is an important mediator of myeloid
cell differentiation.

3.7. Maternally Expressed Genes 3 (MEG3). Another human-
imprinted gene MEG3 is located in the delta-like homolog 1
gene and type III iodothyronine deiodinase (DLK1-DIO3)
locus on human chromosome 14q [63]. MEG3 is expressed
in normal tissues but downregulated by aberrant DNA
methylation in human cancers implying its role as a tumor
suppressor [64, 65]. Genomic imprinting of MEG3 is unsta-
ble in human ESCs [66], as well as in iPSCs [67]. According
to the study conducted by Mo and colleagues, human ESCs
with low MEG3 expression level (designated as MEG3-
OFF) also showed significantly low expressions of DLK1-
DIO3 locus-derived noncoding RNAs, including MEG8,
miR-127, miR-376, miR-494, miR-495, miR-496, and miR-
154, compared to its counterpart MEG3-ON [68]. Further,
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they demonstrated that MEG3-OFF led to suppressed
expression of neural lineage markers such as PAX6, RTN1,
and Sox11, suggesting its role as a positive regulator of
neuronal differentiation.

Another known function of MEG3 is to recruit polycomb
repressive complex 2 (PRC2) to chromatin to maintain
transcriptional repression of lineage-specific genes during
development. PRC2 is responsible for the di- and trimethyla-
tion of lysine 27 in histone H3 (H3K27me2/3) [69], which is
one of the important characteristics of inactive heterochro-
matin [70]. MEG3 recruits PRC2 to chromatin via interac-
tion with jumonji family, ARID domain-containing protein
2 (JARID2) [71]. Chromatin-bound JARID2 further interacts
with MEG3 forming a scaffold for maximum PRC2
recruitment. Subsequently, PRC2 is recruited and assembled
on a specific location of chromatin, resulting in increased
H3K27me3 during ESC differentiation. This suggests that
MEG3 is an important factor in epigenetic regulation of
lineage-specific genes during ESC differentiation.

Additionally, MEG3 has been implicated in osteogenic
differentiation of stem cells, but the results have been
inconsistent depending on the source of stem cells. First,
MEG3 has been reported to promote osteogenic differenti-
ation of MSCs from multiple myeloma patients by releasing
sex-determining region Y box 2- (SOX2-) mediated tran-
scriptional suppression of bone morphogenetic protein 4
(BMP4) promoter [72]. However, few years later, the antios-
teogenic effect of MEG3 in bone marrow MSCs of postmen-
opausal osteoporosis patient by increasing the expression of
miR-133a-3p was reported [73]. Although the mechanism
of such discrepancy still remains unclear, disease type-
dependent effect is suspected.

3.8. Nuclear-Enriched Abundant Transcript 1 (NEAT1). As
the full name indicates, NEAT1 is frequently observed in
nuclei, especially in the subnuclear body called paraspeckles
[74]. Paraspeckles were first identified as a distinct form of
nuclear structure different from the nuclear speckles that
are enriched in splicing factors [75]. Paraspeckles regulate
the expression of genes in differentiated cells by nuclear
retention of mRNAs. The formation of paraspeckles around
NEAT1 has been reported by several groups [74, 76, 77].
Paraspeckles are only observed in mammalian cells, includ-
ing primary cell lines and embryonic fibroblasts [78, 79].
However, paraspeckles are not present in undifferentiated
human embryonic stem cells but are induced upon differ-
entiation [76]. Other than the role as a mediator of RNA
retention, NEAT1 has been implicated in the adipogenic
differentiation of ADSCs into adipocytes. Mature miR-140
interacts with NEAT1 in the nucleus, and this subsequently
increases NEAT1 expression leading to adipogenesis [80].
However, they only demonstrated that miR-140-mediated
NEAT1 expression is required for adipogenesis, without pro-
viding the underlying mechanism of how the increased
NEAT1 contributed to adipogenesis.

3.9. LincRNA-Regulator of Reprogramming (LincRNA-RoR).
LincRNA-RoR was first identified as an lncRNA enriched
in human iPSCs and suspected as a modulator of chromatin

complexes to regulate pluripotent cell-specific epigenetic
architecture [81]. Another study demonstrated that
lincRNA-RoR functioned as a miRNA sponge for the miR-
NAs targeting embryonic stem cell-enriched transcription
factors such as Oct4, Sox2, and Nanog. Consequently,
lincRNA-RoR prevented miRNA-mediated suppression of
these transcription factors, enhancing the self-renewal ability
of human ESCs [82].

3.10. NoRC-Associated RNA (Promoter-Associated RNA,
pRNA). Promoter-associated RNAs were described in vitro
in human [83]. Maturation of 250~300 nucleotide long
pRNA is achieved by processing 2 kb long intergenic spacer
rRNA (IGS-rRNA) [84]. Regarding the role of pRNA in stem
cells, it has been reported that mature pRNA-mediated asso-
ciation between the nucleolar transcription terminator factor
1 (TTF1) and TTF1-interacting protein 5 (TIP5) was prereq-
uisite to the generation of heterochromatic rDNA required
for exit from pluripotency during ESC differentiation [85].
This indicated that mature pRNA may function as an initia-
tor of ESC differentiation.

3.11. Antisense to Nitric Oxide Synthase 2A (Anti-NOS2A).
Anti-NOS2A shares high antisense homology (approxi-
mately 80%) to the corresponding regions of NOS2A gene.
It is speculated that the anti-NOS2A is a result of gene dupli-
cation followed by an internal DNA inversion [86]. The
anti-NOS2A functions as a natural antisense transcript
that regulates NOS gene expression. In mammalian brain,
upregulation of NOS2A has been associated with neuro-
genesis suggesting that NOS-mediated endogenous NO
production is important in neuronal differentiation [87].
In line with such findings, the expression of anti-NOS2A
significantly decreased in neurospheres compared to that
in undifferentiated human ESCs, while the expression of
NOS2A showed an opposite pattern [86]. This indicated
that anti-NOS2A may act as a neuronal differentiation
suppressor in ESCs.

3.12. Small Nucleolar RNA Host Gene 3 and 1 (SNHG3 and
SNHG1). Pertaining to the role of SNHG3 in stem cells, it
has been reported that SNHG3 is one of the 26 lncRNAs that
are required to maintain the pluripotency program of ESCs
[88]. More specifically, knockdown of SNHG3 in ESCs sig-
nificantly decreased the expressions of pluripotency markers
including Oct4, Sox2, Nanog, Klf4, and Zfp43. Furthermore,
the expression level of SNHG3 was downregulated during
retinoic acid-induced differentiation of ESC, indicating that
SNHG3 was one of the lncRNAs that regulate pluripotency
program of ESCs. As the underlying mechanism, an ESC
state controlling circuitry was proposed where ESC-specific
transcription factors (e.g., Oct4, Sox2, and Nanog) derive
the transcription of SNHG3, and the produced SNHG3
forms an RNA-protein complex that represses cell type-
specific gene expression program. As to the role of SNHG1,
it has been reported that the expression of SNHG1 signifi-
cantly increased during lineage restriction of NSCs (neural
stem cells) into N/OPs (bipotent neuronal/oligodendrocyte
progenitors) [39]. Recent studies indicated that both SNHG1
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and SNHG3 were highly correlated with poor prognosis in
cancer patients [89, 90].

3.13. SOX2 Overlapping Transcript (SOX2OT). SOX2 is a
HMG-box transcription factor contributes to the mainte-
nance of pluripotency of undifferentiated ESCs [91]. In
humans, approximately 700 kb long SOX2OT gene is
mapped to chromosome 3q26.3 locus and the SOX2 gene is
embedded in the intronic region of SOX2OT; therefore, it
gets its name [92]. Concomitant upregulation of SOX2 and
SOX2OT in ESCs, which decreased upon differentiation,
has been reported [93], and SOX2OT functioning as an
enhancer to the transcription of SOX2 was postulated as
the possible underlying mechanism [94]. These reports indi-
cate that SOX2OT modulates pluripotency of stem cells via
regulation of SOX2.

3.14. VLDLR Antisense RNA1 (LincRNA-VLDLR). LincRNA-
VLDLR was first identified as one of the lncRNAs
significantly upregulated in human iPSCs and ESCs [81].
According to that particular study, pluripotency-regulating
transcription factors such as Oct4, Sox2, and Nanog coloca-
lized on the promoter of the lincRNA-VLDLR, suggesting
pluripotency-regulating transcription factors induce the
expression of lincRNA-VLDLR, and in turn, lincRNA-
VLDLR regulates the maintenance of pluripotency. However,
no specific target of the lincRNA-VLDLR has been identified
regarding the maintenance of stem cell pluripotency [95].

3.15. Cardiac Mesoderm Enhancer-Associated Noncoding
RNA (CARMEN). CARMEN was first characterized by
Ounzain and colleagues as an lncRNA associated with
human cardiac-specific enhancer [96]. Enhancers are an
important regulatory sequences within the genome that inte-
grates temporal, spatial, and environmental cues to regulate
gene expression [97]. Enhancer-associated noncoding RNAs
play important roles in heart development and disease [98].
CARMEN, as one of such enhancer-associated noncoding
RNAs, is crucial for cardiac specification and differentiation
of human cardiac progenitor cells (CPCs), and this was
evidenced by the observation that knockdown of CARMEN
inhibited cardiac specification and differentiation of human
CPCs [96].

3.16. Rhabdomyosarcoma 2-Associated Transcript (RMST).
RMST was first identified as an lncRNA significantly upreg-
ulated upon neuronal differentiation of human ESCs [99].
A year later, the same group elucidated the underlying mech-
anism of RMST in neuronal differentiation. The expression
of RMST was suppressed by RE1-silencing transcription
factor (REST), a master negative regulator of neuronal
differentiation [100], in undifferentiated human ESCs but
increased upon neuronal differentiation of human ESCs. Fur-
thermore, nuclear localized RMST during neuronal differen-
tiation bound to hnRNPA2/B1, a ubiquitous RNA-binding
protein [101], and Sox2. Binding of RMST to Sox2 promoted
Sox2 binding at the promoters of neurogenic genes, such
as achaete-scute homolog 1 (ASCL1 [102]) and distal-less
homeobox 1 (DLX-1 [103]), driving neuronal differentiation
of human ESCs [104].

3.17. Human Endogenous Retrovirus Subfamily H (HERVH).
HERVH is a transposable element preferentially expressed in
human ESCs. It has been reported that the long terminal
repeats of HERVH regulated the expression of neighboring
pluripotency marker genes by binding to both Oct4 and
coactivators such as p300 in human ESCs [105].

4. Possible Clinical Applications of the
lncRNAs in Stem Cells

The research on roles of lncRNAs in stem cell biology is still
in its infancy. Furthermore, only few cell therapies using stem
cells have demonstrated satisfying clinical benefit to warrant
their clinical use [106]. In other words, both the research on
the lncRNAs in stem cells and the cell therapies using stem
cells are far from being completed. Therefore, it is very diffi-
cult to discuss the clinical implications of lncRNAs in stem
cells in depth. However, approximately half million single
nucleotide polymorphisms (SNPs) in more than 30,000
human lncRNAs have been identified already [107], and this
strongly suggests high possibility of dysregulated lncRNAs
even in stem cells. It has been demonstrated that dysregula-
tion of lncRNAs contributes to numerous human diseases,
and even very simple mutations such as SNPs can have
tremendous consequences in terms of lncRNA structure
and function [108].

Assuming one of the major purposes of studying the
stem cell biology is to design more effective cell therapy
approaches, dysregulated lncRNAs in stem cells can be a
selection marker for screening adequate stem cells for trans-
plantation. Another possible application of lncRNAs in stem
cells is to use lncRNAs as a therapeutic target for reinforcing
stem cell function. For example, gene-editing technology can
be utilized to facilitate in situ differentiation of stem cells into
desired lineage of cells by editing lncRNAs that promote or
suppress differentiation of stem cells. Additionally, finding
and using small molecule that induces or inhibits specific
lncRNAs may serve as a powerful tool to enhancing the
functionality of stem cells. However, these therapeutic
applications of lncRNAs in stem cells can be realized only
when the regulatory mechanisms of lncRNAs in stem cells
are sufficiently elucidated.

5. Conclusions and Perspectives

An increasing number of studies have provided evidence that
lncRNAs are important regulators of the differentiation
and pluripotency maintenance of stem cells. Studies have
demonstrated that lncRNAs modulate stem cell biology by
interacting with essential transcription factors responsible
for maintaining pluripotency or regulating differentiation.
It is clear that lncRNAs play critical roles in different types
of human stem cells with diverse mechanisms. Furthermore,
the existence of dysregulated lncRNAs adds a new layer of
complexity to the molecular mechanisms of human disease.
Despite recent progress in this field, we still have a long
way to fully comprehend the roles of these important regula-
tors in human stem cells. Therefore, further studies are
strongly required, and it is expected that future study of
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lncRNAs in stem cells will provide us new therapeutic targets
for the prevention and treatment of human disease.
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MicroRNAs (miRNAs) play important roles in cell fate decisions. However, the miRNAs and their targets involved in the regulation
of cardiac lineage specification are largely unexplored. Here, we report novel functions of miR-142-3p in the regulation of
cardiomyocyte differentiation from mouse embryonic stem cells (mESCs). With a miRNA array screen, we identified a number
of miRNAs significantly changed during mESC differentiation into the mesodermal and cardiac progenitor cells, and miR-142-
3p was one among the markedly downregulated miRNAs. Ectopic expression and inhibition of miR-142-3p did not alter the
characteristics of undifferentiated ESCs, whereas ectopic expression of miR-142-3p impaired cardiomyocyte formation. In
addition, ectopic expression of miR-142-3p inhibited the expression of a cardiac mesodermal marker gene Mesp1 and
downstream cardiac transcription factors Nkx2.5, Tbx5, and Mef2c but not the expression of three germ layer-specific genes. We
further demonstrated that miR-142-3p targeted the 3′-untranslated region of Mef2c. These results reveal miR-142-3p as an
important regulator of early cardiomyocyte differentiation. Our findings provide new knowledge for further understanding of
roles and mechanisms of miRNAs as critical regulators of cardiomyocyte differentiation.

1. Introduction

Embryonic stem cells (ESCs), derived from the inner cell
mass of blastocysts, are pluripotent and self-renewing cells
with the ability to give rise to all derivatives of three germ
layers [1]. Differentiation of ESCs mimics the early stage of
embryonic development, including the cardiomyogenic line-
age commitment, thus making ESCs an ideal model to study
the regulators and mechanisms of in vivo mammalian devel-
opment [2, 3]. Proper differentiation requires precise regula-
tion of signalling pathways, epigenetic modification, and
transcription networks [4–6]. Accumulating evidence has
shown that posttranscriptional and posttranslational regula-
tions of lineage-specific genes by small noncoding RNAs,
such as microRNAs (miRNAs), play important roles in cell
fate and lineage commitment of ESCs [7]. However, the

specific miRNAs that control ESC differentiation have not
yet been fully clarified.

miRNAs are 22- to 25-nucleotide-long, endogenous
single-stranded noncoding RNAs that regulate gene expres-
sion at the posttranscriptional level by mRNA degradation
or translation repression [8]. miRNAs play important roles
in embryo development and cell fate decision, proliferation,
and differentiation [9–11]. ESC-derived cardiomyocyte for-
mation involves the formation of mesodermal cells, speci-
fication of mesodermal cells to cardiac progenitor cells
(CPCs), and differentiation of CPCs into immature cardi-
omyocytes [4]. A number of miRNAs have been identified
to regulate these stages. miR-1 and miR-133 promote
mesoderm formation from ESCs but have opposing func-
tions during further differentiation into CPCs [9]. miR-
499 promotes differentiation of CPCs into cardiomyocytes
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[12]. We previously found that miR-125b/Lin28 axis is a
critical regulator in the control of mesendodermal specifi-
cation from mouse ESCs (mESCs) and subsequent cardiac
differentiation [13]. However, whether there are other
miRNAs that are involved in early cardiac differentiation
needs to be further determined.

miR-142-3p, an evolutionally conserved miRNA of
vertebrates, is a hematopoietic-specific miRNA [14] and reg-
ulates cell fate decision in the vertebrate hematopoietic
system [15–17]. miR-142-3p is also a multifaceted regulator
in organogenesis, homeostasis, and tumorigenesis [18].
Recently, miR-142-3p is reported to balance self-renewal
and differentiation in mESCs via regulating KRAS/ERK sig-
nalling [19]. In addition, miR-142-3p is reported to regulate
heart formation in zebrafish [20]. However, it is unknown
whether miR-142-3p regulates mammalian cardiogenesis.

In this study, we screened miRNAs that might be
involved in the differentiation of mESCs into mesoderm
and CPCs by miRNA microarray and identified the changes
of miR-142-3p abundance during mesodermal and early car-
diac differentiation. We then examined the function of miR-
142-3p on ESC self-renewal and cardiac differentiation and
identified the potential targets. Our data showed that miR-
142-3p is an important regulator for early cardiac differenti-
ation of ESCs. These findings provide insights into the novel
role of miR-142-3p in the regulation of cardiac lineage com-
mitment and add information for the further development of
cell therapy and drug discovery.

2. Materials and Methods

2.1. Culture and In Vitro Differentiation of ESCs. R1 and E14
mESCs carrying a Brachyury-GFP (T-GFP) were maintained
on mitomycin C-inactivated mouse embryonic fibroblast
cells as described previously [5, 21]. Cardiomyocyte differen-
tiation was initiated by a hanging-drop technique [22]. In
brief, ESCs were trypsinized and cultivated as embryoid
bodies (EBs) in the absence of leukemia inhibitory factor
(Millipore) for 2 days followed by 3 days of suspension cul-
tured in the medium containing 10% FBS (Gibco, USA).
Then, EBs were plated onto gelatin-coated tissue culture
dishes. Differentiated cardiomyocytes appeared in the form
of spontaneously contracting cell clusters. All cultivation
medium and other reagents for cell culture were from
Invitrogen (Carlsbad, CA, USA) unless indicated otherwise.
E14 mESCs carrying a T-GFP were used for collecting meso-
dermal cells; R1 mESCs were used for other experiments.

2.2. Analysis of miRNA Expression Profiling. T-GFP+ meso-
dermal cells were isolated from day 3 EBs of E14 mESCs car-
rying T-GFP by fluorescence-activated cell sorting (FACS).
FLK1+/CXCR4+ CPCs [23] were isolated from day 5 EBs of
R1 mESCs by FACS. Total RNA was isolated with TRIzol
(Invitrogen, USA). miRNA expression profiling was carried
out with Agilent 8x60K mouse miRNA one-color microarray
(V16.0) (Agilent Technologies Inc., Santa Clara, CA, USA).
miRNA hybridization and data collection were conducted
following the manufacturer’s instructions.

Table 1: Fold change of the miRNAs in T-GFP+ versus T-GFP−.

miRNA ID Fold change P value

mmu-miR-193 134.10 0.000613

mmu-miR-99b∗ 85.31 0.002295

mmu-miR-532-3p 44.47 0.017969

mmu-miR-99b 2.85 0.008900

mmu-miR-652 2.36 0.003940

mmu-miR-125a-5p 2.20 0.016116

mmu-miR-874 2.07 0.004076

mmu-miR-140∗ −2.01 0.036421

mmu-miR-467c −2.15 0.000925

mmu-miR-467a −2.23 0.031586

mmu-miR-141 −2.24 0.045208

mmu-miR-297c −2.32 0.015306

mmu-miR-135b −2.33 0.020035

mmu-miR-497 −2.34 0.000315

mmu-miR-290-3p −2.34 0.001229

mmu-miR-467b −2.57 0.004658

mmu-miR-126-3p −2.59 0.025740

mmu-miR-200a −2.63 0.001876

mmu-miR-467e −2.71 0.011901

mmu-miR-195 −2.73 0.006600

mmu-miR-7a −3.04 0.012637

mmu-miR-672 −14.85 0.002030

mmu-miR-466m-5p −76.86 0.004111

mmu-let-7f −85.32 0.001921

mmu-miR-181c −92.73 0.000002

mmu-miR-125b-5p −99.27 0.000697

mmu-miR-124 −105.00 0.000622

mmu-let-7g −115.25 0.000002

mmu-miR-142-3p −214.59 0.001338
∗The element of the miRNA names based on the miRNA nomenclature.

Table 2: Fold change of the miRNAs in FLK1+/CXCR4+ versus
FLK1−/CXCR4−.

miRNA ID Fold change P value

mmu-miR-362-5p 8.73 0.0201

mmu-miR-532-3p 7.16 0.0293

mmu-miR-674∗ 2.48 0.0257

mmu-miR-434-5p 2.39 0.0126

mmu-miR-532-5p 2.07 0.0027

mmu-miR-181d −2.58 0.0193

mmu-miR-293∗ −5.98 0.0359

mmu-miR-466n-3p −20.89 0.0345

mmu-miR-142-3p −46.98 0.0308

mmu-miR-181c −57.34 0.0454

mmu-let-7g −83.97 0.0240
∗The element of the miRNA names based on the miRNA nomenclature.
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2.3. Plasmid Construction and Cell Transfection. To generate
miR-142-3p-overexpressing ESC lines, the miR-142 stem-
loop flanked by 170 nucleotides on each side was amplified
by polymerase chain reaction (PCR) from mouse genomic
DNA and inserted into pCDH-EF1-MCS-T2A-Puro lenti-
viral vector. Then, the vector was transfected with pMD-
VSVG, pRSV-REV, and pMDLG-PRRL into HEK293FT
cells to generate lentivirus. ESCs were infected with the
lentivirus, and then puro-resistant clones were picked 3 days
after puromycin (Gibco/BRL, USA) selection and propa-
gated. To construct the luciferase reporter plasmid, 3′UTR
regions of the gene of interest were amplified by PCR from
cDNA and inserted into a luciferase reporter vector
psiCHECK-2. The mutated 3′UTR were generated by PCR-
based site-directed mutagenesis. For the inhibition of miR-
142-3p, ESCs were transfected with the commercialized
miR-142-3p inhibitors or scramble (RiboBio, China) using

Lipofectamine 2000 (Invitrogen, USA) according to the
manufacturer’s instructions.

2.4. Reverse Transcription PCR.Cells were collected in TRIzol
(Invitrogen, USA) for total RNA isolation. 1μg of total RNA
was reversed transcribed using oligo (dT) primer and Rever-
Tra Ace reverse transcriptase (Toyobo, Japan). PCR was
carried out using Taq PCR mix (Vazyme, China). The 28S
ribosomal RNA was used for internal normalization. The
primers used are listed in Supplementary Table S1 available
online at https://doi.org/10.1155/2017/1769298.

2.5. Quantitative Real-Time PCR (qRT-PCR). qRT-PCR was
performed on an ABI 7900HT instrument (Applied Biosys-
tems, USA) with SYBR Green Real-time PCR Master Mix
(Toyobo, Japan). For mRNA detection, glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) was used for internal
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Figure 1: Microarray assay reveals miR-142-3p as the most downregulated miRNA. (a) Heat map representing hierarchical clustering of
all miRNAs that displayed a 2-fold or greater difference in T-GFP+ cells compared to T-GFP− cells. (b) Heat map representing
hierarchical clustering of all miRNAs that displayed a 2-fold or greater difference in FLK1+/CXCR4+ cells compared to FLK1−/
CXCR4− cells. (c) Validation of miR-142-3p expression in T-GFP+ mesodermal cells and FLK1+/CXCR4+ CPCs by qRT-PCR. n = 3,
∗∗P < 0 01.
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normalization. The primers used for mRNA detection are
listed in Supplementary Table S1. For miRNA detection,
reverse transcription and miRNA detection were carried
out using the miRNA Reverse Transcription kit and TaqMan
miRNA Expression Assays (Applied Biosystems, USA).
Small nuclear RNA U6 was used for internal normalization.

2.6. Flow Cytometry Analysis. Undifferentiated ESCs or EBs
were harvested and dissociated with trypsin. To detect
SSEA1, samples were fixed with 1% paraformaldehyde, then
stained for PE-conjugated SSEA1 antibody (1 : 20,
eBioscience, USA) or isotype-matched negative control. To
determine TNNT2+ cardiomyocytes, cells were fixed and
permeabilized by Cytofix/Cytoperm™ Kit (BD Biosciences,
USA), blocked by 5% FBS and incubated with primary anti-
body of TNNT2 (1 : 200, Abcam, UK) or isotype-matched
IgG control. DyLight 549-conjugated antibodies (Jackson
Lab, USA) were used as the secondary antibody. Cells were
then analysed and quantified by flow cytometry (FACSAria,
BD Biosciences, USA). For cell sorting, live cells were har-
vested and double-stained with APC-conjugated FLK1
(1 : 100, BD Biosciences, USA) and PE-conjugated CXCR4
(1 : 50, BD Biosciences, USA).

2.7. Immunocytochemical Staining. Alkaline phosphatase
(ALP) activity was analysed by using an ALP substrate kit
III (Vector Laboratories, USA) according to the manufac-
turer’s instructions. Immunostaining assays were performed
according to the protocol described previously [24]. Briefly,
cells were fixed with 4% paraformaldehyde, permeabilized in
0.3% Triton X-100, blocked in 10% normal goat serum (Vec-
tor Laboratories), and then incubatedwith primary antibodies
against OCT4 (1 : 200, Abcam, USA), NANOG (1 : 200,
Abcam,USA), andTNNT2 (1 : 500;Abcam,USA) in 4°Cover-
night and detected by DyLight 488- or DyLight 549-
conjugated secondary antibodies. Nuclei were stained with
DAPI (Sigma, USA). A Zeiss Axio Observer A1 fluorescence
microscope was used for slide observing and image capture.

2.8. Luciferase Reporter Assay.HEK293FT cells were cultured
to 70% confluence in 24-well plates, and then transfected
with a mixture of 100ng of 3′UTR luciferase reporter plasmid
and 50nM miRNA mimics (RiboBio, China) in each well by
Lipofectamine 2000 (Invitrogen, USA). Cell lysates were
harvested 24 h after transfection, and reporter activity was
measured with the Dual Luciferase Assay kit (Promega,
USA) according to the manufacturer’s instruction.

2.9. Bioinformatics Analysis. RNAhybrid and miRanda were
used to predict potential targets.

2.10. Statistical Analysis. Data were expressed as mean
± SEM. Statistical significance of differences was estimated
by one-way ANOVA and two-tailed unpaired Student’s t-test
by GraphPad Prism 6.0. P < 0 05 was considered statistically
significant.

3. Results

3.1. Expression Profiles of miRNAs during Early Cardiac
Differentiation Stage. To identify miRNAs that might be
involved in the cardiac lineage commitment, we screened
miRNA expression profiles at the mesodermal and cardiac
progenitor stages, which are essential for the cardiac lineage
commitment [25]. mESC-derived T-GFP+ mesodermal cells
[26] at differentiation day 3 and FLK1+/CXCR4+ CPCs [23]
at differentiation day 5 were isolated from corresponding
T-GFP− and FLK1−/CXCR4− populations by FACS (Supple-
mental Figure S1A–C) as previously described [27]. The
enriched T-GFP+ and FLK1+/CXCR4+ fractions were con-
firmed by RT-PCR analysis of mesodermal marker T and
cardiac progenitor marker Nkx2.5, Isl1, Tbx5, and Mef2c.
(Supplemental Figure S1D-E). Then, miRNA microarray
was used to compare miRNA expression profiles between
T-GFP+ mesodermal cells and T-GFP− cells as well as
between FLK1+/CXCR4+ cells and FLK1−/CXCR4− cells.
29 miRNAs showed more than 2-fold change in T-
GFP+ mesoderm cells compared with the T-GFP− cells
(Table 1). 11 miRNAs showed more than 2-fold change in
FLK1+/CXCR4+ CPCs compared with FLK1−/CXCR4− cells
(Table 2). The heat map image of hierarchical cluster of those
miRNAs revealed a distinguished grouping of miRNA
expression patterns (Figures 1(a) and 1(b)). Among these
miRNAs, miR-142-3p was downregulated in both T-
enriched mesoderm and FLK1+/CXCR4+ CPCs. This was
further confirmed by qRT-PCR analysis (Figure 1(c)).

3.2. Ectopic Expression of miR-142-3p Does Not Affect Self-
Renewal of ESCs. To determine the role of miR-142-3p in
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Figure 3: miR-142-3p overexpression does not affect the self-renewal of ESCs. (a) Morphology of the colonies of ESCs. (A–D) Phase-contrast
images show undifferentiated ESC colonies. (E–H) ALP staining of ESC colonies. Immunostaining analysis of OCT4 (I–L) and NANOG
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self-renewal and differentiation, we established ESC lines sta-
bly expressing miR-142-3p by using lentivirus (Figure 2(a)).
As shown in Figure 2(b), in wild-type (wt) cells, miR-142-
3p was highly expressed in undifferentiated ESCs and
declined at differentiation day 1, reaching nadir at differenti-
ation day 4 and then gradually returned to baseline. The
expression pattern of miR-142-3p in control cells transfected
with the blank vector was comparable with the wt cells either
in undifferentiated ESCs or in differentiating ESCs
(Figure 2(b)). In undifferentiated status, the expression level
of miR-142-3p in the overexpression cell lines (clones miR-
142-3 and miR-142-9) was about 2- to 5-fold higher than
those in wt and control cells (Figure 2(b)). During differenti-
ation, the expression level of miR-142-3p in the overexpres-
sion cell lines remain the same as in undifferentiated status
(Figure 2(b)). To confirm whether ectopic expression of
miR-142-3p would affect the self-renewal property of ESCs,
we compared characteristics of undifferentiated wt, control,
and miR-142-3p overexpression ESCs. No significant differ-
ences in the colony morphology (Figure 3(a), A–D), ALP
activity (Figure 3(a), E–H), and protein expression of pluri-
potency markers OCT4 and NANOG (Figure 3(a), I–P) were
observed among these groups. qRT-PCR analysis also
showed comparable level of Rex1, Oct4, and Nanog
(Figure 3(b)). Flow cytometry analysis further confirmed that
the number of cells expressing stage-specific embryonic anti-
gen 1 (SSEA1) was similar among those cells (Figure 3(c)).
The effect of miR-142 overexpression on the self-renewal of
ESCs during differentiation was further examined, and there
were no significant changes in the expression levels of pluri-
potency marker Rex1, Oct4, and Nanog in miR-142 overex-
pression cells compared with wt and control cells during
differentiation (Figure 3(d)). To further determine the role
of miR-142-3p in the self-renewal of ESCs, we suppressed
the expression of miR-142-3p by using commercialized
inhibitor (Supplementary Figure S2A). The cells transfected
with scramble or miR-142-3p inhibitor showed similar levels
of ALP activity (Supplementary Figure S2B, a-b), protein
expression of pluripotency markers OCT4 and NANOG
(Supplementary Figure S2B, c–f), pluripotency marker genes
Oct4, Nanog, and Rex1 (Supplementary Figure S2C), and the
percentage of SSEA1+ cells (Supplementary Figure S2D).
Taken together, these data indicate that miR-142-3p appears
to be dispensable for maintaining self-renewal of ESCs.

3.3. miR-142-3p Suppresses Cardiomyocyte Differentiation.
To investigate the role of miR-142-3p during cardiac lineage
commitment, ESCs were differentiated into cardiomyocytes
by the EB formation. In wt and control ESCs, spontaneously
contracting cardiomyocytes were visible at day 6, and the
percentage of EBs containing spontaneously contracting car-
diomyocytes increased gradually over time and reached over
90%, while in miR-142-3p overexpression ESCs, it dropped
to 20% to 35% (Figure 4(a)). However, the number of EBs
containing spontaneously contracting cardiomyocytes was
indistinguishable between scramble and miR-142-3p-knock-
down cells (Supplemental Figure S2E). Immunofluorescence
staining confirmed that the positive area of cardiac
myofilament protein TNNT2 was significantly smaller in

miR-142-3p overexpression EBs than that in wt and con-
trol (Figure 4(b)). Flow cytometry analysis further con-
firmed that miR-142-3p overexpression decreased the
percentage of TNNT2+ cardiomyocytes at differentiation
day 10 (Figure 4(c)). Moreover, qRT-PCR analysis showed
that the expression levels of cardiac myofilament genes
Myh6, Myl7, and Tnnt2 were markedly suppressed by miR-
142-3p overexpression (Figure 4(d)). These data indicate that
miR-142-3p negatively regulates cardiac differentiation.

3.4. miR-142-3p Suppresses ESC Differentiation into CPCs but
Not Mesoderm Formation. Invitro cardiomyocyte differentia-
tion involves the specificationofpluripotent cells tomesoderm
and cardiac progenitors prior to terminal differentiation. To
elucidate which differentiation stage is affected by miR-142-
3p, we analysed the expression of germ layer and cardiac
precursor genes by qRT-PCR. miR-142-3p overexpression
did not significantly affect the expression of ectodermal (Fgf5,
Nestin), endodermal (Fox2, Sox17, andAfp), andmesodermal
(T, Eomes, and Flk1) marker genes (Figures 5(a), 5(b), and
5(c)). However, the expression of cardiac mesodermal gene
Mesp1 and cardiac progenitor genes Tbx5,Nkx2.5, andMef2c
were remarkably decreased (Figure 5(d)). Taken together,
these data suggest that miR-142-3p decreases the populations
of cardiac mesoderm and progenitor cells but not mesoderm
formation of ESCs.

3.5. miR-142-3p Targets Mef2c in Cardiac Differentiation of
ESCs. To elucidate the mechanisms by which miR-142-3p
regulates cardiac differentiation, we searched for potential
targets of miR-142-3p by using miRanda [28] and RNAhy-
brid [29]. SinceMesp1 is the earliest marker of cardiovascular
development [30], we examined whether miR-142-3p
directly targets Mesp1. miR-142-3p was predicted to bind to
the 3′UTR of Mesp1 (Supplemental Figure S3A). However,
when the 3′UTR of Mesp1 was cloned into the luciferase
reporter, miR-142-3p had no effect on the luciferase activity
(Supplemental Figure S3B), indicating that miR-142-3p does
not directly target Mesp1. Further analysis showed that the
3′UTR of Mef2c, a key regulator of cardiomyocyte forma-
tion [31], had a miR-142-3p binding site (Figure 6(a)).
We then cloned the full length of the wt and mutant 3′
UTR of mouse Mef2c into the downstream of the lucifer-
ase reporter. miR-142-3p reduced the activity of the lucif-
erase reporter bearing wt 3′UTR of Mef2c. By contrast,
miR-142-3p did not affect the activity of the luciferase
reporter bearing mutant 3′UTR of Mef2c (Figure 6(b)).
Moreover, qRT-PCR analysis showed that the expression
of Mef2c was decreased by miR-142-3p (Figure 4(d)).
Taken together, these results suggest that Mef2c may be
the target of miR-142-3p.

4. Discussion

Here, we showed that (i) a number of miRNAs are signifi-
cantly changed during the differentiation of mesodermal
and cardiac progenitor cells from ESCs; (ii) miR-142-3p is
highly expressed in undifferentiated ESCs, while it is down-
regulated during early ESC differentiation and its expression
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is significantly lower in T-GFP+ cells and FLK1+/CXCR4+

CPCs than in corresponding T-GFP− cells and FLK1−/
CXCR4− cells; (iii) ectopic expression of miR-142-3p does
not affect the self-renewal and germ layer specification of
ESCs, whereas it suppresses cardiomyocyte formation;
(iv) this inhibition is associated with the downregulation of
the expression of cardiac mesodermal marker gene Mesp1
and the downstream cardiac progenitor marker genes
Nkx2.5, Tbx5, and Mef2c; and (v) miR-142-3p targets the 3′
UTR of Mef2c. These findings reveal a novel role of miR-
142-3p in the regulation of cardiac lineage fate decision and
provide its potential mechanism underlying the control of
cell lineage decision and cardiogenesis.

Our results show that both gain and loss of function of
miR-142-3p do not affect the self-renewal of undifferentiated

ESCs. This is consistent with the recent report that in
undifferentiated ESCs, there are high miR-142 and low
miR-142 populations, while the two populations are indis-
tinguishable by pluripotency markers [19]. They also
reported that constitutive expression of miR-142 locks
ESCs in an undifferentiated state when exposed to differenti-
ation cues [19]. However, we did not observe a significant
delay of decrease of pluripotency genes upon differentiation
in miR-142-3p overexpression cells. Such conflicted find-
ings may be caused by the different overexpression levels
in undifferentiated state. It may also be caused by the
difference in differentiation models used. Sladitschek and
Neveu [19] induced ESC differentiation by using various
cytokines, while we used the EB model without addition
of any cytokines.
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During the cardiomyocyte differentiation from ESCs, the
cardiac mesoderm and CPC formation is critical to the car-
diac lineage fate decision [25]. Mesp1 is the master regulator
of cardiac lineage commitment and is the earliest marker of
cardiovascular development [30, 32]. It is transiently
expressed in the nascent mesoderm, and it specifies

mesodermal cells toward cardiac lineage by triggering the
expression of cardiac markers [32]. Our data showed that
miR-142-3p negatively regulates the formation of cardiac
mesoderm and CPCs, and the subsequent cardiomyocyte dif-
ferentiation. Downregulation of miR-142-3p during ESC dif-
ferentiation is required for the specification of mesodermal
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cells to CPCs. This is supported by the findings that (i) miR-
142-3p is downregulated in mesodermal and CPC popula-
tions; (ii) miR-142-3p does not affect the formation of
nascent mesoderm; (iii) miR-142-3p inhibits the expression
of Mesp1 and the downstream cardiac progenitor genes;
and (iv) miR-142-3p directly targets Mef2c, though further
validation at the protein level is needed. Notably, no further
increase in the cardiac differentiation is observed by
knockdown of miR-142-3p, suggesting that the endogenous
decline of miR-142-3p reaches the saturation level to allow
sufficient CPC differentiation and subsequent cardiomyocyte
formation. We found that miR-142-3p may function
upstream of Mesp1 through an indirect regulatory way. The
mechanism by which miR-142-3p regulates Mesp1 needs
further investigation.

Interestingly, the role of miR-142-3p in cardiac lineage
commitment seems different between zebrafish and mESCs.
Knockdown of miR-142-3p during the development of zeb-
rafish disrupts normal cardiac formation and function [20],
while in the present study, miR-142-3p overexpression sup-
presses cardiomyocyte formation. Such difference suggests a
species-dependent role of miR-142-3p. The in vivo role of
miR-142-3p on cardiac development among various mam-
malian systems requires further investigation.

In the microarray results, some miRNAs showed similar
expression pattern to that of miR-142-3p, such as miR-
125b-5p, miR-124, and let-7g. We previously found that
miR-125b-5p is downregulated during differentiation and
controls cardiac differentiation via regulating mesendoder-
mal specification [13]. miR-124 is a neuron-specific miRNA
and known to be involved in neurogenesis [33]. Recently, it
has been reported to regulate cardiomyocyte differentiation
of bone marrow-derived mesenchymal stem cells [34]. How-
ever, whether miR-124 regulates cardiomyocyte differentia-
tion remains unknown. The let-7 family member let-7c is
involved in the control of cardiomyocyte differentiation by
directly targeting the polycomb complex group protein

Ezh2 [35], but it is unclear whether let-7g regulates cardio-
myocyte differentiation. It needs to be determined whether
these miRNAs might work together with miR-142-3p in the
regulation of cardiac differentiation of ESCs.

In summary, our results reveal a number of miRNAs
potentially involved in ESC differentiation into mesodermal
and cardiac progenitor cells. miR-142-3p negatively regulates
the differentiation of cardiomyocyte through affecting the
specification of cardiac mesodermal cells and CPCs.
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