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Abstract

Introduction: Mesenchymal stem cells (MSCs) transplantation has been demonstrated to be an effective strategy

for the treatment of cardiovascular disease. However, the low survival rate of MSCs at local diseased tissue reduces
the therapeutic efficacy. We therefore investigated the influence of MicroRNA-378 (miR-378) transfection on MSCs

survival and vascularization under hypoxic-ischemic condition in vitro.

Methods: MSCs were isolated from bone marrow of Sprague-Dawley rats and cultured in vitro. The third passage of
MSCs were divided into the miR-378 group and control group. For the miR-378 group, cells were transfected with
miR-378 mimic. Both groups experienced exposure to hypoxia (1% O,) and serum deprivation for 24 hours, using
normoxia (20% O,) as a negative control during the process. After 24 hours of reoxygenation (20% O,), cell proliferation
and apoptosis were evaluated. Expressions of apoptosis and angiogenesis related genes were detected. Both groups
were further co-cultured with human umbilical vein endothelial cells to promote vascular differentiation for another

6 hours. Vascular density was assessed thereafter.

Results: Compared with the control group, MSCs transfected with miR-378 showed more rapid growth. Their proliferation
rates were much higher at 72 h and 96 h under hypoxic condition (257.33% versus 246.67%, P <0.01; 406.84% versus
365.39%, P <0.05). Cell apoptosis percentage in the miR-378 group was significantly declined under normoxic and hypoxic
condition (0.30 £ 0.10% versus 0.50 + 0.10%, P <0.05; 0.60 + 040% versus 1.70 + 0.20%, P <0.01). The miR-378 group formed
a larger number of vascular branches on matrigel. BCL2 level was decreased accompanied with an upregulated
expression of BAX in the two experimental groups under the hypoxic environment. BAX expression was reduced in the
miR-378 group under the hypoxic environment. In the miR-378 group, there was a decreased expression of tumor
necrosis factor-a on protein level and a reduction of TUSC-2 under normoxic environment. Their expressions were both
downregulated under hypoxic environment. For the angiogenesis related genes, enhanced expressions of vascular
endothelial growth factora, platelet derived growth factor-3 and transforming growth factor-31 could be detected both
in normoxic and hypoxic-ischemic conditions.

Conclusion: MiR-378 transfection could effectively promote MSCs survival and vascularization under hypoxic-ischemic
condition in vitro.
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Introduction
Cardiovascular disease with resultant heart failure and ma-
lignant arrhythmia is a major cause of morbidity and mor-
tality worldwide [1]. In recent years, stem cell therapy has
emerged as a novel strategy for the treatment of cardiovas-
cular disease, and its beneficial efficacies have been con-
firmed by various preclinical and clinical trials [2-5]. Bone
marrow mesenchymal stem cells (MSCs), which have great
potential for proliferation and differentiation, have the cap-
acity to differentiate into cardiomyocytes and vascular cells
under appropriate conditions [6,7]. Implantation of MSCs
results in regeneration of cardiomyocytes and neovasculari-
zation in myocardial infarction. Moreover, these cells can
confer protection to ischemic tissues through the release of
paracrine factors, thus providing a promising therapeutic
modality for repair of the injured heart [8-10]. A series of
clinical trials have already shown that MSCs treatment can
attenuate ventricular remodeling and improve cardiac func-
tion in patients with myocardial infarction and chronic
heart failure [4,5,11,12]. However, inferior survival of MSCs
under hypoxic condition reduces their therapeutic efficacy
[13,14]. Low survival rates of the donor cells could be due
to inflammation, ischemia and apoptosis [15,16]. Therefore,
how to enhance MSCs survival and promote their
vascularization in the local hypoxic environment becomes a
main issue that needs to be addressed in order to improve
the clinical benefits of MSCs transplantation.

microRNAs (miRNAs) are small noncoding RNAs
that control gene expression post-transcriptionally.
They exert functions over a wide range of cellular pro-
cesses, including the regulation of stem cell pluripo-
tency and differentiation [17]. Manipulation of miRNAs
in stem cells may enhance their capacity for cell survival
and vascular regeneration [18,19]. miRNAs can promote
MSCs differentiation into cardiovascular cell lineage and
affect MSCs-mediated cardiac repair [20]. microRNA-378
(miR-378) is a specific miRNA that can induce angio-
genesis in tumors [21]. Experimental studies show that
miR-378 transfection significantly enhances cell viability
and inhibits cell apoptosis [22,23]. In addition, miR-378 is
a newly described member of the cardiac-enriched miR-
NAs modulating cardiac growth during the postnatal
period [24]. Its deficiency leads to the development of car-
diac hypertrophy [25]. A distinct reduction of miR-378 in
patients with heart failure has been reported, implying that
it may also participate in the disease progression of heart
failure [26].

miR-378 is closely associated with stem cell survival
and vascular differentiation. In this study, MSCs were
transfected with miR-378 and exposed to normal and
hypoxic—ischemic conditions to observe their survival,
proliferation and apoptosis. Vascular density was evalu-
ated and the expression of molecules related to apop-
tosis and vasculogenesis was detected.
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Materials and methods

Ethics statement

One-month-old Sprague—Dawley rats were obtained
from the Animal Experimental Center of the Sun
Yat-sen University (Guangzhou, China). All animal
handling and procedures were performed in accordance
with protocols approved by the Animal Ethics Commit-
tee of Sun Yat-sen University (201210016).

Isolation and culture of bone marrow mesenchymal

stem cells

Bone marrow cells were collected from 1-month-old
Sprague—Dawley rats by flushing femurs and tibias under
sterile conditions. The cells were then cultured (37°C, 5%
carbon dioxide) in 25 cm? culture flasks with complete cul-
ture medium supplemented with 10% fetal bovine serum
penicillin (100 IU/ml) and streptomycin (100 pg/ml). On
the third day of culture, the medium was replaced and non-
adherent cells were removed. Adherent cells gaining 90%
confluence were passaged using 0.25% trypsin—ethylenedi-
amine tetraacetic acid (Mediatech, Hendon, VA, USA) and
then maintained in complete medium. Characteristics of
MSCs were identified by fluorescence-activated cell sorting
as reported previously [27].

microRNA-378 transfection

miR-378 mimic (mature sequence rno-miR-378a-5p: 4-
cuccugacuccagguccugugu-25) was synthesized and provided
by Ruibo Biotechnology Corporation (Guangzhou, China).
To obtain MSCs overexpressing miR-378 effectively, third-
passage MSCs were transfected with miR-378 mimic using
Lipofectamine™ 2000 (catalogue number 11668019; Invitro-
gen, Carlsbad, California, USA) according to the manufac-
turer’s instructions. Opti-MEM (catalogue number 31985070;
Invitrogen) was applied as transfection medium and the
medium was changed 4 hours after transfection. Total RNA
and cell lysate were collected for the indicated assays.

Hypoxia/reoxygenation treatments of MSCs

Twenty-four hours after transfection, cells of the miR-378
group (MSCs transfected with miR-378) and the control
group (MSCs without transfection) were both incubated in
serum-free media with 1% oxygen in a Galaxy® 48 R incuba-
tor (Eppendorf/Galaxy Corporation, Connecticut, USA) at
37°C for 24 hours and then exposed to normoxic conditions
(20% oxygen) for another 24 hours. Normoxia was used as
negative control during the experiments for the two groups.

Survival and apoptosis evaluation of MSCs

After the above treatments, the MSCs of different groups
were collected and suspended in complete culture medium.
The growth curve and MTS assay (cellTiter96AQ, one
solution cell proliferation assay, catalogue number G3582;
Promega, Madison, Wisconsin, USA) were adopted to
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evaluate survival and proliferation ability of MSCs. A total
of 1x10° cells were equally seeded into each well on 96-
well plates. After 24 hours of preconditioning, MTS was
added to the medium at a final concentration of 0.5 mg/ml
for 4 hours. Results were read from cellTiter96AQ at differ-
ent time points (24, 48, 72 and 96 hours) respectively.

The terminal deoxynucleotidyl transferase biotin-dUPT
nick end-labeling assay was applied for assessing MSC
death and apoptosis in vitro after 24 hours of reoxygena-
tion. Cell slices were fixed in 10% formaldehyde for
15 minutes and pretreated with 0.2% Triton X-100 for 15 mi-
nutes. The slices were then infiltrated in an equilibration
buffer followed by incubating with terminal deoxynucleoti-
dyl transferase enzyme and a nucleotide mix for another
75 minutes. All sections were examined under a florescent
microscope (DMI6000B; Leica, Brunswick, Germany).

Vascular networks formation assay of MSCs

Aliquots of human umbilical vein endothelial cells (Yiyuan
Biotechnology Corporation, Guangzhou, China) were
seeded onto matrigel-coated wells (catalogue number
356234; BD Corporation, New York, USA) of a 24-well
plate. After hypoxia/reoxygenation treatments, MSCs were
then cocultured with human umbilical vein endothelial cells
in 1% fetal calf serum-supplemented Dulbecco’s modified
Eagle’s medium (catalogue number SH30021.01B; Hyclone,
Logan City, Utah, USA). After incubating at 37°C for
6 hours, vascular network formation was examined by a
phase-contrast microscopy (CKX41, U-CTR30-2; Olympus,
Tokyo, Japan), and the number of the vascular branches
was quantified by randomly selecting five fields per well as
described previously [28].

Western blot analysis

Protein levels of BCL2, BAX, tumor necrosis factor alpha
(TNFa), TUSC-2, vascular endothelial growth factor
(VEGE) alpha, platelet-derived growth factor (PDGF) beta
and transforming growth factor beta-1 (TGEP1l) were
measured by western blot. After 24 hours of reoxygena-
tion, MSCs were washed several times with phosphate-
buffered saline before collection and lysing with modified
RIPA buffer. Cells were completely lysed after repeated
vortexing and supernatants were acquired though centri-
fugation at 14,000 x g for 20 minutes. Proteins were then
resolved by SDS-PAGE and subsequently transferred
to a polyvinylidenedifluoride membrane (IPVH00010;
Millipore, Boston, MA, USA) before incubating with pri-
mary antibodies overnight at 4°C. The membranes were
subjected to three 5-minute washes with Tris-buffered
saline—Tween and then incubated with anti-IgG horserad-
ish peroxidase-conjugated secondary antibody (Southern
Biotech, Birmingham, Alabama, USA) for 60 minutes at
room temperature. After extensive washing, bands were
detected by enhanced chemiluminescence. The band
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intensities were quantified using image software (image
] 2%, version 2.1.4.7).

Quantitative real-time polymerase chain reaction

Total RNA was isolated from MSCs with hypoxia/reoxy-
genation treatments using a Trizol reagent (Invitrogen)
followed by digestion with RNase-free DNase (Promega).
The concentration and integrity of total RNA were esti-
mated and the real-time polymerase chain reaction (RT-
PCR) was conducted on an ABI PRISM® 7500 Sequence
Detection System using SYBR Green qPCR SuperMix
(Invitrogen). The primers are described in Table 1. Spe-
cific products were amplified and detected at 95°C for
10 minutes, followed by 40 cycles at 95°C for 15 seconds,
and at 60°C for 30 seconds, at which point data were ac-
quired. The miR-378 expression level was quantified using
probes for miR-378 and U6 RNA (internal control). The
relative level of miRNA was calculated using the 2744
method. For the assays of the molecules examined, the re-
sults were quantified as the threshold cycle of each target
gene and normalized into the ACt value. Quantifications
of fold-change in gene expressions were also performed
using the 2744* method.

Statistical analysis

All quantitative data are described as mean + standard de-
viation. The significance of differences among groups was
determined by analysis of variance and Scheffe’s multiple-
comparison techniques. Comparisons between time-based
measurements within each group were performed with
analysis of variance for repeated measurements. P <0.05
was considered statistically significant.

Results

Mesenchymal stem cells survival was enhanced post
transfection of miR-378

miR-378 expression status after transfection with miR-378
mimic was confirmed by quantitative RT-PCR (P < 0.01;
Figure 1A) The two experimental groups presented a lower
growth and proliferation rate under a hypoxic environment
at 72 hours and 96 hours, while both groups showed a
higher inhibition rate in this condition (P < 0.01; Figure 1B,
C, D). The miR-378 group displayed a more rapid growth
under hypoxic environment at 72 hours and 96 hours in
contrast with the control group (0.78 £ 0.02 vs. 0.73 £ 0.02,
P<0.05 1.22+0.03 vs. 1.08 £0.03, P<0.05) (Figure 1B).
Moreover, the transfected cells had a higher proliferation
rate (257.33% vs. 246.67%, P < 0.01; 406.84% vs. 365.39%, P
<0.05) (Figure 1C). The inhibition rate of the miR-378
group was lower under a hypoxic environment at 72 hours
and 96 hours (3.73% vs. 9.47%, P < 0.01; 1.63% vs. 13.60%,
P<0.01) (Figure 1D), indicating that miR-378 could
alleviate the inhibition of MSC proliferation induced by
hypoxia—ischemia.
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Table 1 Primers for quantitative real-time polymerase chain reaction
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Gene name Forward primer (5' to 3’) Reverse primer (5’ to 3')
PDGFR GCCAGCTAGCAGGGAATACT GGAGTTCATGTCTTCCACGAT
TNFa TGAAGTAGTGGCCTGGATTGC GACATTCCGGGATCCAGTGA
TUSC-2 ATGCCTGGTTCCTAGTTACTTG AACGGCTGAAATGCTCTGA
VEGFa AGATTCTGCAAGAGCACC AAGGTCCTCCTGAGCTAT
TGFB1 TGCTTCAGCTCCACAGAGAA TGGTTGTAGAGGGCAAGGAC
BCL2 ATCCAGGATAACGGAGGCTG CAGGTATGCACCCAGAGTGA
BAX GGCGAATTGGAGATGAACTG TGCCATCAGCAAACATGTCA
B-actin AGGGAAATCGTGCGTGACAT GAACCGCTCATTGCCGATAG

PDGF, platelet-derived growth factor; TGF, transforming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.

Hypoxia-induced apoptosis in MSCs was alleviated after
miR-378 transfection

The two groups both exhibited a higher apoptosis rate
under the hypoxic environment (0.50 + 0.10% vs. 1.7 £
0.20%, P <0.01; 0.30 £0.10% vs. 0.60 +0.40%, P <0.01)
(Figure 2B). Compared with the control group, terminal
deoxynucleotidyl transferase biotin-dUPT nick end-
labeling staining showed that the apoptosis rate
of the miR-378 group was significantly decreased
under normal (0.30 £0.10% vs. 0.50 +0.10%, P < 0.05;
Figure 2A, B) and hypoxic (0.60+0.40% vs. 1.70 £
0.20%, P < 0.01; Figure 2A, B) environments.

Angiogenesis ability of MSCs was promoted after miR-378
transfection

Once cocultured with human umbilical vein endothelial
cells, MSCs transfected with miR-378 formed a larger
number of vascular branches on matrigel. Under nor-
moxic conditions, the numbers of vascular branches in
the miR-378 group were obviously higher than in the
control group (17.50+0.55 vs. 15.17 £1.17, P<0.01).
The same phenomenon could be observed when the two
groups of cells were exposed to a hypoxic—ischemic
environment (18.00 + 1.79 vs. 14.67 +1.03, P<0.01)
(Figure 3).
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Figure 1 Mesenchymal stem cell proliferation after the transfection of microRNA-378. (A) miR-378 expression status after transfection with microRNA
(MIiRNA) mimic detected by quantitative real-time polymerase chain reaction. (B) Mesenchymal stem cell (MSC) proliferation rate tested by MTS assay
(cellTiter96AQ, one solution cell proliferation assay, catalogue number G3582; Promega, Madison, Wisconsin, USA). *P < 0.05; **P < 001. (C) Proliferation
rate = optical density (OD) values at other time points divided by OD value at the beginning x 100% (same sample). (D) Inhibition rate = (1 — OD value
divided by native MSC group OD value) x 100% (same time). Native MSCs, MSCs cultured in normoxic conditions; miR-378, miR-378-transfected MSCs cultured
in normoxic conditions; MSCs + hypoxia, MSCs cultured in hypoxic conditions; miR-378 + hypoxia, miR-378-transfected MSCs cultured in hypoxic conditions.
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MSCs cultured in hypoxic conditions.

Figure 2 microRNA-378 transfection reduced hypoxia-induced apoptosis in mesenchymal stem cells. (A) Apoptosis of mesenchymal stem
cells (MSCs) was detected and assessed by terminal deoxynucleotidy! transferase biotin-dUPT nick end-labeling (TUNEL) staining. lane a, DAPIr staining
localization; lane b, TUNEL staining; lane ¢, overlap figure of lanes a and b. (B) Comparison of apoptotic rates between groups after miR-378
transfection in normoxic and hypoxic environments. *P < 0.05, **P < 0.01. Native MSCs, MSCs cultured in normoxic conditions; miR-378, miR-378-
transfected MSCs cultured in normoxic conditions; MSCs + hypoxia, MSCs cultured in hypoxic conditions; miR-378 + hypoxia, miR-378-transfected

J

Expression of apoptosis-related genes was decreased
after miR-378 transfection

The expression of apoptosis-related genes was examined
by western blot and quantitative RT-PCR in both groups
after cells experienced hypoxia/reoxygenation or were ex-
posed to normoxic (20% oxygen) conditions (Figure 4).
Detection of the BCL2 family proteins showed that the
BCL2 level was decreased, accompanied with an elevated
expression of BAX in the two experimental groups under
a hypoxic environment (Figure 4A, C, D). There was no
difference of the expression of BCL2 between the miR-378

group and the control group under normoxic and hypoxic
environments (Figure 4A, C), whereas BAX expression was
reduced in the miR-378 group under a hypoxic environment
(Figure 4A, D). The TNFa level was increased under the
hypoxic environment in the two groups (Figure 4B, E). In
the miR-378 group, TNFa protein expression was decreased
under the normoxic environment (Figure 4B) and its expres-
sion was downregulated both on mRNA and protein level in
hypoxic conditions (Figure 4B, E). TUSC-2 expression was
enhanced on the protein level under a hypoxic environment
in the two groups (Figure 4B). Its level was downregulated

Figure 3 microRNA-378 promoted the angiogenesis ability of mesenchymal stem cells. Comparison of the numbers of vascular branches
between the two experimental groups in normoxic and hypoxic conditions in vitro. (A) Vascular formation of the different groups in vitro
(magnification x 100): (a) native MSCs, MSCs cultured in normoxia conditions; (b) miR-378, miR-378-transfected MSCs cultured in normoxia
conditions; (c) MSCs + hypoxia, MSCs cultured in hypoxic conditions; (d) miR-378 + hypoxia, miR-378-transfected MSCs cultured in hypoxic
conditions. (B) Comparison of the numbers of vascular branches between groups. **P < 0.01, transfected versus nontransfected MSCs.
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Figure 4 microRNA-378 decreased the expressions of apoptosis-related genes. Changes of apoptosis-related genes under different
conditions in the two experimental groups. Western blot analysis (A), (B) and quantitative real-time polymerase chain reaction (C), (D), (E),
(F) were performed to explore the expressions of BCL-2, BAX, tumor necrosis factor alpha (TNFa) and TUSC-2 after cells of the two experimental
groups were exposed to different conditions. **P < 0.01. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; miRNA, microRNA; MSC,
mesenchymal stem cell.

in the miR-378 group compared with the control group
under normoxic and hypoxic environments (Figure 4B, F).

Expression of angiogenesis-related genes was enhanced
after miR-378 transfection

Angiogenesis-related genes were detected the same way
as described above. The expression of VEGF«a, PDGEp
and TGFP1l was decreased in the control group under
hypoxic conditions (Figure 5). However, no differences
in their expressions were observed in the miR-378 group
when exposed to the same environment (Figure 5).
Western blot analysis showed that the expression of
VEGFa, PDGFP and TGFP1 was increased in miR-378
transfected MSCs under both normoxic and hypoxic
conditions (Figure 5A). Quantitative RT-PCR indicated
that there was an upregulated expression of PDGFf on
the mRNA level (Figure 5C), whereas no differences
could be discovered in the expressions of VEGFa and
TGEP1 genetically (Figure 5B, D).

Discussion

The present study demonstrates that MSCs transfected
with miR-378 showed higher viability and a lower apop-
tosis rate under hypoxic—ischemic conditions. Moreover,

their capacity for blood vessel formation was improved.
The expression of proapoptosis genes was decreased
whereas angiogenesis-related genes were found to be up-
regulated after miR-378 transfection.

MSCs are multipotent progenitor cells with the poten-
tial to differentiate into various cell types, including cells
of the cardiovascular lineage [7]. MSCs can be easily iso-
lated and expanded in vitro, making them an optimal
therapeutic approach for cardiovascular disease [29]. In
spite of this, the low survival rate of MSCs after trans-
plantation in vivo restricts their therapeutic efficiencies
[13,14]. Studies have indicated that hypoxia and serum
deprivation can lead to poor viability and apoptosis of
MSC:s via triggering a strong inflammatory and oxidative
stress reaction and an overproduction of proapoptosis
factors [15,30]. Diverse methods have been applied to
improve MSCs survival under hypoxic and ischemic
conditions [16,31]. miRNAs play a crucial role in cell pro-
liferation, differentiation and apoptosis [17]. It has been
reported that transfection of specific miRNAs enhances
MSCs survival and their capability for lineage differenti-
ation, making them more conducive to the repair of in-
farct injury [32]. Prior studies have demonstrated that
miR-378 facilitates cancer cell migration and promotes
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Figure 5 microRNA-378 enhanced the expression of angiogenesis-related genes. Changes of angiogenesis-related genes under different
conditions in the two experimental groups. Western blot analysis (A) and quantitative real-time polymerase chain reaction (B), (C), (D) were performed
to explore the expression of VEGFa, PDGF(3 and TGFB1 after cells of the two experimental groups were exposed to different conditions. *P < 0.05,

**P < 0.01. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; miRNA, microRNA; MSC, mesenchymal stem cell; PDGF, platelet-derived growth factor;

their survival [21]. In this study, we investigated the effects
of miR-378 on MSCs survival and proliferation. The
results indicated that MSCs could be efficiently trans-
fected with miR-378 without affecting cells viability. We
found that MSCs viability was attenuated under the hyp-
oxic condition in the two experimental groups. Cells
transfected with miR-378 showed more rapid growth
and a higher proliferation rate after 24 hours of
hypoxia/reoxygenation. Examination of the apoptosis of
MSCs showed that the number of terminal deoxynu-
cleotidyl transferase biotin-dUPT nick end-labeling-
positive cells was significantly decreased in the miR-378
group. In addition, MSCs transfected with miR-378
presented a distinctly lower apoptosis rate compared
with the control group, suggesting that miR-378 might
exert anti-apoptosis roles in a hypoxic—ischemic
environment in vitro.

Evidence has revealed that miR-378 improves cell
survival and inhibits apoptosis via regulation of various
signaling networks and apoptosis-related genes [24].
miR-378 may reduce hydrogen peroxide and hypoxia-
induced cell death by suppressing the expression of IGF-
1R and its downstream AKT signaling cascade [24]. The
proteins of the BCL2 family are well known as key regu-
lators of cell death and apoptosis. Increasing evidence
sustains that BCL2 family members are the targets of
numerous miRNAs [33]. In the present work, we exam-
ined several BCL2 family proteins including BCL2 and
BAX. We found that BCL2 was downregulated while
BAX was upregulated in the two experimental groups
under the condition of hypoxia exposure. In the miR-

378 group, there was no alteration of the expression of
BCL2 both under the normoxic and hypoxic conditions,
while the BAX level was decreased in the hypoxic condi-
tion, implying that miR-378 could attenuate the apop-
tosis of MSCs via suppressing the proapoptosis genes of
the BCL2 family. In addition to the BCL2 family, TUSC-
2 (also known as Fus-1) is a potent proapoptotic gene
[34]. The expression of the miR-378/miR-378 hairpin
enhances cell survival through targeting the transcrip-
tion factor SuFu and Fus-1 [21]. Moreover, miR-378 is
capable of reducing the expression of TUSC-2 at the
protein level [21]. TNFa is another pivotal molecule that
initiates the process of MSC apoptosis [35]. TNFa re-
presses the expression of proinflammatory genes by acti-
vating nuclear factor-kB [36]. TNFa can also stimulate
the caspase cascade related to cell apoptosis [37]. In this
study, the expression of TUSC-2 protein was upregu-
lated and the TNFa level was enhanced in the two
groups under hypoxic environments. Both the expres-
sions of TUSC-2 and TNFa were downregulated in miR-
378-transfected MSCs under a hypoxic environment,
implicating that miR-378 may relieve hypoxia-induced
apoptosis via downregulating TUSC-2 and TNFa.
miRNAs can exist in a lineage-specific pattern and
dominate the fate of stem cell differentiation [38]. Sev-
eral miRNAs have already been found to modulate car-
diovascular cell differentiation [20,39]. Previous studies
have confirmed that miR-378 plays an important role in
blood vessel formation [40,41]. In the present study, we
demonstrated that MSCs transfected with miR-378
formed a larger number of vascular branches on
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matrigel, indicating that miR-378 could enhance the
capability of MSCs differentiation into vascular lineage.
miRNAs most probably control cell fate via regulating
numerous genes and pathways [17,20]. VEGF has been
identified as a predominant mediator of angiogenesis [42].
VEGF hampers post-hypoxic MSC death and improves
MSCs survival and regeneration in hostile environment of
post-ischemic tissues [43,44]. miR-378 is involved in the ex-
pression of VEGF [45]. miR-378 binds to the 3" untrans-
lated region of VEGF to compete with miR-125a for the
same seed region and strengthens VEGF expression [45]. In
this study, VEGFa expression was found to be declined in
the control group after hypoxia exposure and this alteration
could be mitigated after miR-378 transfection. In addition,
VEGFa expression was increased at the protein level in the
miR-378 group in hypoxic conditions. The abovementioned
results supported that MSCs might strengthen VEGF ex-
pression in the context of hypoxia exposure. PDGF and TG
EP1 secreted by MSCs profoundly impact vascularization as
well as proliferation of MSCs [20,46]. We found that the
expression of PDGFP and TGFP1 was also downregulated
under hypoxic conditions in the control group; PDGF re-
ceptors can effectively induce MSCs neovascularization
in vivo [47]. When the expression of PDGF is depressed,
pathways associated with angiogenesis of MSCs are corres-
pondingly obstructed [48]. miRNAs modulate PDGF recep-
tor expression upon ligand stimulation through direct
interaction with the 3" untranslated region of PDGF recep-
tor in cardiomyocytes [49]. In the present work, PDGF[
was increased in MSCs transfected with miR-378 under
normoxic and hypoxic conditions, indicating that miR-378
might improve PDGF expression in this condition. MSCs
have the potential to differentiate into smooth muscle cells,
which makes them an ideal cell source for the construction
of tissue-engineered vascular grafts [20]. TGFP1 is a cyto-
kine with versatile functions [50]. This cytokine can induce
smooth muscle markers in MSCs, subsequently driving
MSCs toward a smooth muscle cell phenotype [51]. TGEB1
signaling has important functions in the regulation of
MSCs at both transcriptional and post-transcriptional levels
[52]. High concentrations of TGFP1 contribute to the for-
mation of nestin-positive MSC clusters, resulting in shaping
of marrow osteoid islets accompanied by high levels of
angiogenesis [53]. miRNAs have been proved to mediate
TGEp-induced signaling circuit loops in the pathological
process of human diseases [54]. They regulate TGEB1 ex-
pression as well as the TGFp1-induced epithelial-mesen-
chymal transition phenomenon [55,56]. In this study, we
found that miR-378 transfection notably intensified the ex-
pression of TGFpB1, which could play a crucial role in pro-
moting MSC differentiation into blood vessels. It has been
recently reported that crosstalk between PDGEP and
TGEPL pathways is essential for mediating MSC mechanics
and matrix interactions [57]. Both PDGFf and TGEp1 were
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discovered to be increased in MSCs transfected with miR-
378. Therefore, we inferred that TGFP1 in combination
with PDGF might further amplify the formation of vascula-
ture in a hypoxic—ischemic environment.

There are some limitations to this study. MSCs without
transfection were applied as the negative control; experi-
ments using scrambled miRNA as a control for the miR-
378 transfection would further be performed to eliminate
nonspecific effects of transfection and make the data more
convincing. As this study was conducted in vitro, the af-
fection of miR-378 on MSCs in vivo is still lacking. How
miR-378 could act on MSCs survival and differentiation in
the injured heart in animal models would be further ex-
plored in our later work. In addition, although several
molecules that might possibly participate in promoting
MSCs survival after miR-378 transfection have been inves-
tigated in this paper, the elaborate downstream signaling
pathways implicated should be searched for in the future
studies in order to clarify the underlying mechanisms of
the biological functions of miR-378.

Conclusions

In summary, this study showed that miR-378 could promote
MSC:s survival and the cells’ ability of vascularization under
hypoxic—ischemic conditions in vitro. miR-378 might func-
tion on apoptosis-related and angiogenesis-related genes.
Further explorations of the implications of miR-378 on
MSC:s in vivo will provide new mentalities for the treatment
of ischemic heart disease based on MSCs transplantation.

Abbreviations

miR-378: microRNA-378; miRNA: microRNA; MSC: mesenchymal stem cell;
PDGF: platelet-derived growth factor; RT-PCR: real-time polymerase chain
reaction; TGFR1: transforming growth factor beta-1; TNFa: tumor necrosis
factor alpha; VEGF: vascular endothelial growth factor.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

YX, JH and TG carried out the cell culture and transfection, participated in
the statistical analysis and drafted the manuscript. SZ and CZ carried out the
tube formation assay and molecular assay. HH, YC, KS, TZ and JW
participated in the technical assistance and statistical analysis. HL and TW
conceived the study and participated in the study design. All authors read
and approved the final manuscript.

Acknowledgments

This study was supported by National Natural Science Foundation of China
(No: 81070125, 81270213), the Science and Technology Foundation in
Guangdong Province (No: 2010B031600032) and the Fundamental Research
Funds for the Central Universities (13ykzd16).

This work was done by the investigators of the Sun Yat-sen Memorial
Hospital of Sun Yat-sen University. The authors took responsibility for all
aspects of the reliability and had no differences in data presentation and
interpretation.

Author details

"The Sun Yat-sen Memorial Hospital of Sun Yat-sen University, 107 Yanjiang
Xi Road, Guangzhou, Guangdong 510120, China. “Guangdong Province Key
Laboratory of Arrhythmia and Electrophysiology, 107 Yanjiang Xi Road,
Guangzhou, Guangdong 510120, China. *Thyroid and Vascular Surgery, Sun



Xing et al. Stem Cell Research & Therapy 2014, 5:130
http://stemcellres.com/content/5/6/130

Yat-sen Memorial Hospital of Sun Yat-sen University, 107 Yanjiang Xi Road,
Guangzhou, Guangdong 510120, China. “Department of Emergency, Sun
Yat-sen Memorial Hospital of Sun Yat-sen University, 107 Yanjiang Xi Road,
Guangzhou, Guangdong 510120, China.

Received: 2 April 2014 Revised: 11 November 2014
Accepted: 12 November 2014 Published: 23 November 2014

References

1.

Hou J, Wang L, Jiang J, Zhou C, Guo T, Zheng S, Wang T: Cardiac stem
cells and their roles in myocardial infarction. Stem Cell Rev 2013,
9:326-338.

Chavakis E, Koyanagi M, Dimmeler S: Enhancing the outcome of cell
therapy for cardiac repair progress from bench to bedside and back.
Circulation 2010, 121:325-335.

Wang T, Tang W, Sun S, Wan Z, Xu T, Huang Z, Weil MH: Mesenchymal
stem cells improve outcomes of cardiopulmonary resuscitation in
myocardial infarcted rats. J Mol Cell Cardiol 2009, 46:378-384.

Hare JM, Fishman JE, Gerstenblith G, Velazquez DLD, Zambrano JP, Suncion
VY, Tracy M, Ghersin E, Johnston PV, Brinker JA: Comparison of allogeneic
vs autologous bone marrow-derived mesenchymal stem cells delivered
by transendocardial injection in patients with ischemic cardiomyopathy:
The POSEIDON Randomized Trial Mesenchymal Stem Cells and Ischemic
Cardiomyopathy. JAMA 2012, 308:2369-2379.

Mathiasen AB, Jargensen E, Qayyum AA, Haack-Serensen M, Ekblond A,
Kastrup J: Rationale and design of the first randomized, double-blind,
placebo-controlled trial of intramyocardial injection of autologous bone-
marrow derived Mesenchymal Stromal Cells in chronic ischemic Heart
Failure (MSC-HF Trial). Am Heart J 2012, 164:285-291.

Wen Z, Zheng S, Zhou C, Wang J, Wang T: Repair mechanisms of bone
marrow mesenchymal stem cells in myocardial infarction. J Cell Mol Med
2011, 15:1032-1043.

Williams AR, Hare JM: Mesenchymal stem cells biology, pathophysiology,
translational findings, and therapeutic implications for cardiac disease.
Circ Res 2011, 109:923-940.

Wang T, Sun S, Wan Z, Weil MH, Tang W: Effects of bone marrow
mesenchymal stem cells in a rat model of myocardial infarction.
Resuscitation 2012, 83:1391-1396.

Figeac F, Lesault PF, Coz O, Damy T, Souktani R, Trébeau C, Schmitt A,
Ribot J, Mounier R, Guguin A: Nanotubular crosstalk with distressed
cardiomyocytes stimulates the paracrine repair function of mesenchymal
stem cells. Stem Cells 2014, 32:216-230.

Lee RH, Oh JY, Choi H, Bazhanov N: Therapeutic factors secreted by
mesenchymal stromal cells and tissue repair. J Cell Biochem 2011,
112:3073-3078.

Trachtenberg B, Velazquez DL, Williams AR, McNiece |, Fishman J, Nguyen K,
Rouy D, Altman P, Schwarz R, Mendizabal A: Rationale and design of the
Transendocardial Injection of Autologous Human Cells (bone marrow or
mesenchymal) in Chronic Ischemic Left Ventricular Dysfunction and
Heart Failure Secondary to Myocardial Infarction (TAC-HFT) trial: a
randomized, double-blind, placebo-controlled study of safety and
efficacy. Am Heart J 2011, 161:487-493.

Hare JM, Traverse JH, Henry TD, Dib N, Strumpf RK, Schulman SP,
Gerstenblith G, DeMaria AN, Denktas AE, Gammon RS: A randomized,
double-blind, placebo-controlled, dose-escalation study of intravenous
adult human mesenchymal stem cells (prochymal) after acute
myocardial infarction. J Am Coll Cardiol 2009, 54:2277-2286.

Copland B, Lord-Dufour S, Cuerquis J, Coutu DL, Annabi B, Wang E,
Galipeau J: Improved autograft survival of mesenchymal stromal cells by
plasminogen activator inhibitor 1 inhibition. Stem Cells 2009, 27:467-477.
McGinley LM, McMahon J, Stocca A, Duffy A, Flynn A, O'Toole D, O'Brien T:
Mesenchymal stem cell survival in the infarcted heart is enhanced by
lentivirus vector-mediated heat shock protein 27 expression. Hum Gene
Ther 2013, 24:840-851.

Zhu W, Chen J, Cong X, Hu S, Chen X: Hypoxia and serum deprivation-
induced apoptosis in mesenchymal stem cells. Stem Cells 2006,
24:416-425.

Hou M, Liu J, Liu F, Liu K, Yu B: C1q tumor necrosis factor-related protein-
3 protects mesenchymal stem cells against hypoxia-and serum
deprivation-induced apoptosis through the phosphoinositide 3-kinase/
Akt pathway. Int J Mol Med 2014, 33:97-104.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 9 of 10

Bartel DP: MicroRNAs: target recognition and regulatory functions.

Cell 2009, 136:215-233.

Nie Y, Han B-M, Liu X-B, Yang J-J, Wang F, Cong X-F, Chen X: Identification
of MicroRNAs involved in hypoxia-and serum deprivation-induced
apoptosis in mesenchymal stem cells. Int J Biol Sci 2011, 7:762-768.
Huang F, Zhu X, Hu X-Q, Fang Z-F, Tang L, Lu X-L, Zhou S-H: Mesenchymal
stem cells modified with miR-126 release angiogenic factors and activate
Notch ligand Delta-like-4, enhancing ischemic angiogenesis and cell
survival. Int J Mol Med 2013, 31:484-492.

Wen Z, Zheng S, Zhou C, Yuan W, Wang J, Wang T: Bone marrow
mesenchymal stem cells for post-myocardial infarction cardiac repair:
micrornas as novel regulators. J Cell Mol Med 2012, 16:657-671.

Lee DY, Deng Z, Wang C-H, Yang BB: MicroRNA-378 promotes cell survival,
tumor growth, and angiogenesis by targeting SuFu and Fus-1
expression. Proc Nat Acad Sci U S A 2007, 104:20350-20355.

Kim SW, Kim HW, Huang W, Okada M, Welge JA, Wang Y, Ashraf M: Cardiac
stem cells with electrical stimulation improve ischaemic heart function
through regulation of connective tissue growth factor and miR-378.
Cardiovasc Res 2013, 100:241-251.

Fang J, Song X-W, Tian J, Chen H-Y, Li D-F, Wang J-F, Ren A-J, Yuan W-J,
Lin L: Overexpression of microRNA-378 attenuates ischemia-induced
apoptosis by inhibiting caspase-3 expression in cardiac myocytes.
Apoptosis 2012, 17:410-423.

Knezevic |, Patel A, Sundaresan NR, Gupta MP, Solaro RJ, Nagalingam RS,
Gupta M: A novel cardiomyocyte-enriched MicroRNA, miR-378, targets
insulin-like growth factor 1 receptor implications in postnatal cardiac
remodeling and cell survival. J Biol Chem 2012, 287:12913-12926.
Nagalingam RS, Sundaresan NR, Gupta MP, Geenen DL, Solaro RJ, Gupta M:
A cardiac-enriched microRNA, miR-378, blocks cardiac hypertrophy by
targeting Ras signaling. J Biol Chem 2013, 288:11216-11232.

Prasad SVN, Duan Z-H, Gupta MK, Surampudi VSK, Volinia S, Calin GA, Liu C-
G, Kotwal A, Moravec CS, Starling RC: Unique microRNA profile in end-
stage heart failure indicates alterations in specific cardiovascular
signaling networks. J Biol Chem 2009, 284:27487-27499.

Wang T, Tang W, Sun S, Ristagno G, Huang Z, Weil MH: Intravenous
infusion of bone marrow mesenchymal stem cells improves myocardial
function in a rat model of myocardial ischemia. Crit Care Med 2007,
35:2587-2593.

Brill A, Dashevsky O, Rivo J, Gozal Y, Varon D: Platelet-derived
microparticles induce angiogenesis and stimulate post-ischemic
revascularization. Cardiovasc Res 2005, 67:30-38.

Wang S, Qu X, Zhao RC: Clinical applications of mesenchymal stem cells.
J Hematol Oncol 2012, 5:19.

Wang J, Li Z, Zhang Y, Liu X, Chen L, Chen Y: CX43 change in LPS
preconditioning against apoptosis of mesenchymal stem cells induced
by hypoxia and serum deprivation is associated with ERK signaling
pathway. Mol Cell Biochem 2013, 380:267-275.

Zhang Q, Yang Y-J, Wang H, Dong Q-T, Wang T-J, Qian H-Y, Xu H: Autophagy
activation: a novel mechanism of atorvastatin to protect mesenchymal
stem cells from hypoxia and serum deprivation via AMP-activated protein
kinase/mammalian target of rapamycin pathway. Stem Cells Dev 2012,
21:1321-1332.

Huang F, Li M-L, Fang Z-F, Hu X-Q, Liu Q-M, Liu Z-J, Tang L, Zhao Y-S,
Zhou S-H: Overexpression of MicroRNA-1 improves the efficacy of
mesenchymal stem cell transplantation after myocardial infarction.
Cardiology 2013, 125:18-30.

Ouyang YB, Giffard RG: microRNAs affect BCL-2 family proteins in the
setting of cerebral ischemia. Neurochem Int 2014, 77:2-8.

Ji'L, Roth JA: Tumor suppressor FUS1 signaling pathway. J Thorac Oncol
2008, 3:327.

Mao J, Lv Z, Zhuang Y: MicroRNA-23a is involved in tumor necrosis
factor-a induced apoptosis in mesenchymal stem cells and myocardial
infarction. Exp Mol Pathol 2014, 97:23-30.

Peng C-F, Han Y-L, Yan C-H: Overexpression of cellular repressor of E1A-
stimulated genes inhibits TNF-a-induced apoptosis via NF-kB in
mesenchymal stem cells. Biochem Biophys Res Commun 2011, 406:601-607.
Poynter JA, Herrmann JL, Manukyan MC, Wang Y, Abarbanell AM, Weil BR,
Brewster BD, Meldrum DR: Intracoronary mesenchymal stem cells
promote postischemic myocardial functional recovery, decrease
inflammation, and reduce apoptosis via a signal transducer and
activator of transcription 3 mechanism. J Am Coll Surg 2011, 213:253-260.



Xing et al. Stem Cell Research & Therapy 2014, 5:130
http://stemcellres.com/content/5/6/130

38.

39.

40.

41,

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Collino F, Bruno S, Deregibus MC, Tetta C, Camussi G: MicroRNAs and
mesenchymal stem cells. Vitam Horm 2011, 87:291-320.

L1 Z, ) L, Liu F, W-h L, Wang Y-s, Zhu B, Yu B: MiR-499 induces cardiac differenti-
ation of rat mesenchymal stem cells through wnt/B-catenin signaling pathway.
Biochem Biophys Res Commun 2012, 420:375-831.

Bonauer A, Boon RA, Dimmeler S: Vascular micrornas. Curr Drug Targets
2010, 11:943-949.

Wang S, Olson EN: AngiomiRs - key regulators of angiogenesis. Curr Opin
Gene Dev 2009, 19:205-211.

Yang J, Zhou W, Zheng W, Ma Y, Lin L, Tang T, Liu J, Yu J, Zhou X, Hu J: Effects of
myocardial transplantation of marrow mesenchymal stem cells transfected
with vascular endothelial growth factor for the improvement of heart function
and angiogenesis after myocardial infarction. Cardiology 2006, 107:17-29.

Kim SH, Moon H-H, Kim HA, Hwang K-C, Lee M, Choi D: Hypoxia-inducible
vascular endothelial growth factor-engineered mesenchymal stem cells
prevent myocardial ischemic injury. Mol Ther 2011, 19:741-750.

Penna C, Perrelli MG, Karam JP, Angotti C, Muscari C, Montero-Menei CN,
Pagliaro P: Pharmacologically active microcarriers influence VEGF-A effects
on mesenchymal stem cell survival. J Cell Mol Med 2013, 17:192-204.
Skrzypek K, Tertil M, Golda S, Ciesla M, Weglarczyk K, Collet G, Guichard A,
Kozakowska M, Boczkowski J, Was H: Interplay between heme oxygenase-
1 and miR-378 affects non-small cell lung carcinoma growth,
vascularization, and metastasis. Antioxid Redox Signal 2013, 19:644-660.
Guiducci S, Manetti M, Romano E, Mazzanti B, Ceccarelli C, Dal Pozzo S,
Milia AF, Bellando-Randone S, Fiori G, Conforti ML: Bone marrow-derived
mesenchymal stem cells from early diffuse systemic sclerosis exhibit a
paracrine machinery and stimulate angiogenesis in vitro. Ann Rheum Dis
2011, 70:2011-2021.

Ball S, Worthington J, Canfield A, Merry C, Kielty C: Mesenchymal stromal cells:
inhibiting PDGF receptors or depleting fibronectin induces mesodermal
progenitors with endothelial potential. Stem Cells 2014, 32:694-705.

Ho IA, Toh HC, Ng WH, Teo YL, Guo CM, Hui KM, Lam PY: Human bone
marrow-derived mesenchymal stem cells suppress human glioma
growth through inhibition of angiogenesis. Stem Cells 2013, 31:146-155.
Zhang J, Chintalgattu V, Shih T, Ai D, Xia Y, Khakoo AY: MicroRNA-9 is an
activation-induced regulator of PDGFR-beta expression in cardiomyo-
cytes. J Mol Cell Cardiol 2011, 51:337-346.

Bottner M, Krieglstein K, Unsicker K: The transforming growth factor-fs.

J Neurochem 2000, 75:2227-2240.

Zhao L, Hantash BM: TGF-B1 regulates differentiation of bone marrow
mesenchymal stem cells. Vitam Horm 2011, 87:127-141.

Kurpinski K, Chu J, Wang D, Li S: Proteomic profiling of mesenchymal
stem cell responses to mechanical strain and TGF-beta1. Cell Mol Bioeng
2009, 2:606-614.

Zhen G, Wen C, Jia X, Li Y, Crane JL, Mears SC, Askin FB, Frassica FJ, Chang
W, Yao J: Inhibition of TGF-[beta] signaling in mesenchymal stem cells of
subchondral bone attenuates osteoarthritis. Nat Med 2013, 19:704-712.
Kato M: TGF-B-induced signaling circuit loops mediated by microRNAs as
new therapeutic targets for renal fibrosis? Kidney Int 2013, 84:1067-1069.
Kitamura K, Seike M, Okano T, Matsuda K, Miyanaga A, Mizutani H, Noro R,
Minegishi Y, Kubota K, Gemma A: MiR-134/487b/655 cluster regulates
TGF-B-induced epithelial-mesenchymal transition and drug resistance to
gefitinib by targeting MAGI2 in lung adenocarcinoma cells. Mol Cancer
Ther 2014, 13:444-453.

Sun X, He Y, Ma T-T, Huang C, Zhang L, Li J: Participation of miR-200a in
TGF-B1-mediated hepatic stellate cell activation. Mol Cell Biochem 2014,
388:11-23.

Ghosh D, Lili L, McGrail DJ, Matyunina LV, McDonald JF, Dawson MR:
Integral role of platelet-derived growth factor in mediating transforming
growth factor-B1-dependent mesenchymal stem cell stiffening.

Stem Cells Dev 2014, 23:245-261.

doi:10.1186/scrt520

Cite this article as: Xing et al: microRNA-378 promotes mesenchymal
stem cell survival and vascularization under hypoxic-ischemic conditions
in vitro. Stem Cell Research & Therapy 2014 5:130.

Page 10 of 10

Submit your next manuscript to BioMed Central
and take full advantage of:

* Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central




	Abstract
	Introduction
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Ethics statement
	Isolation and culture of bone marrow mesenchymal stem cells
	microRNA-378 transfection
	Hypoxia/reoxygenation treatments of MSCs
	Survival and apoptosis evaluation of MSCs
	Vascular networks formation assay of MSCs
	Western blot analysis
	Quantitative real-time polymerase chain reaction
	Statistical analysis

	Results
	Mesenchymal stem cells survival was enhanced post transfection of miR-378
	Hypoxia-induced apoptosis in MSCs was alleviated after miR-378 transfection
	Angiogenesis ability of MSCs was promoted after miR-378 transfection
	Expression of apoptosis-related genes was decreased after miR-378 transfection
	Expression of angiogenesis-related genes was enhanced after miR-378 transfection

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

