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Cardiac progenitor cell-derived exosomes prevent
cardiomyocytes apoptosis through exosomal miR-21
by targeting PDCD4

J Xiao1,2,4, Y Pan2,4, XH Li2, XY Yang1,2, YL Feng2,3, HH Tan2, L Jiang2, J Feng2 and XY Yu*,2,3

Cardiac progenitor cells derived from adult heart have emerged as one of the most promising stem cell types for cardiac protection

and repair. Exosomes are known to mediate cell–cell communication by transporting cell-derived proteins and nucleic acids,

including various microRNAs (miRNAs). Here we investigated the cardiac progenitor cell (CPC)-derived exosomal miRNAs on

protecting myocardium under oxidative stress. Sca1+CPCs-derived exosomes were purified from conditional medium, and

identified by nanoparticle trafficking analysis (NTA), transmission electron microscopy and western blotting using CD63, CD9 and

Alix as markers. Exosomes production was measured by NTA, the result showed that oxidative stress-induced CPCs secrete more

exosomes compared with normal condition. Although six apoptosis-related miRNAs could be detected in two different treatment-

derived exosomes, only miR-21 was significantly upregulated in oxidative stress-induced exosomes compared with normal

exosomes. The same oxidative stress could cause low miR-21 and high cleaved caspase-3 expression in H9C2 cardiac cells. But

the cleaved caspase-3 was significantly decreased when miR-21 was overexpressed by transfecting miR-21 mimic. Furthermore,

miR-21 mimic or inhibitor transfection and luciferase activity assay confirmed that programmed cell death 4 (PDCD4) was a target

gene of miR-21, and miR-21/PDCD4 axis has an important role in anti-apoptotic effect of H9C2 cell. Western blotting and Annexin

V/PI results demonstrated that exosomes pre-treated H9C2 exhibited increased miR-21 whereas decreased PDCD4, and had more

resistant potential to the apoptosis induced by the oxidative stress, compared with non-treated cells. These findings revealed that

CPC-derived exosomal miR-21 had an inhibiting role in the apoptosis pathway through downregulating PDCD4. Restored miR-21/

PDCD4 pathway using CPC-derived exosomes could protect myocardial cells against oxidative stress-related apoptosis.

Therefore, exosomes could be used as a new therapeutic vehicle for ischemic cardiac disease.
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Cardiovascular disease is one of the leading pathological

causes of mortality worldwide. Cardiovascular ischemic

diseases such as heart failure, acute myocardial infarction

and myocardial ischemia/reperfusion injury produce plenty of

reactive oxygen species (ROS) in ischemic zone,1,2 which is a

major contributor to cardiomyocyte apoptosis and death, and

deteriorates cardiac disease. Therefore, it is urgent to find an

effective way to restore the cardiovascular system under

oxidative stress.

Stem cell transplantation is an effective way to replace the

apoptotic or dead cardiomyocytes, but the underlying

mechanism of this repair process has not been fully explained.

Cardiac progenitor cells (CPCs) resident in adult heart

have emerged as one of the most promising stem cell types

for cardiac regeneration and repair. The mechanism of post

transplantation has always been predicated on the hypothesis

that these cells would engraft, differentiate and replace

damaged cardiac tissues. Although both direct cell differentia-

tion and indirect paracrine effect mechanisms have been

implicated in the therapeutic benefit, accumulating evidence

suggests predominant roles of the paracrine secretion by

CPCs.3 Furthermore, many researchers indicate that trans-

planted CPCs secrete a lot of factors to reduce tissue injury

and/or enhance tissue repair.4,5

Over the past few years, several experimental evidences

have demonstrated that the CPCs released a specialized

membranous nano-sized vesicle termed exosomes to improve

cardiac function in the damaged heart.5–7Exosomes are small

(30–100 nm) membrane vesicles, merging their membrane

contents into the recipient cell membrane and delivering

effectors including transcription factors, oncogenes, small and

large non-coding regulatory RNAs (such as microRNAs

(miRNAs)), mRNAs and infectious particles into recipient

cells.8,9 In this way, exosomes secreted by CPCs were consi-

dered to participate in cardiac protection and repair.7,10,11 But

exosomes contents vary from different pathological condi-

tions, the difference might cause completely reversed fate of

target cells. Hence, it is fruitful to investigate the biological
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function of exosomes under a specific pathological condition,

including oxidative stress. In addition, this study will provide

new theoretical basis for treatment of myocardium injury.

Among the contents of exosomes, miRNAs have been

shown to govern important processes that contribute to the

pathophysiological consequences of acute myocardial

infarction.12 It is a class of short (about 22 nucleotides),

single-stranded non-coding RNAs that have key roles in the

regulation of gene expression. miRNAs can either promote or

inhibit cardiomyocyte cell apoptosis,13 and also regulate ROS-

mediated heart disease.14,15 But whether miRNAs from CPC-

derived exosomes have some important role in ROS-induced

cardiomyocytes was still undetermined. Here we investigated

the protective effect of the CPC-derived exosomes for

myocardial cells in ischemic myocardial injury model, which

is mainly through passing on exosomal miR-21 inhibit

programmed cell death 4 (PDCD4) in myocardial cells. The

fruitful work provides a potential cell therapy strategy for

myocardial ischemic diseases.

Results

CPC-derived exosomes were collected and identified in

morphology and phenotype. The Sca-1+ cells isolated

from adult mouse heart presented as long spindle-shaped

fibrocyte-like adherent cells (Figure 1a). The percentage of

Sca-1+ CPCs was determined with Flow Cytometry, and the

results showed that up to 95.04± 4.29% of population were

Sca-1+ cells after magnetic-activated cell sorting (MACS;

Figure 1b). To obtain the CPC-derived exosomes particles,

the culture medium of CPCs was collected and precipitated.

Then the morphology and phenotypes of isolated particles

were identified according to the characteristics of exosomes

described previously.16 First, the concentration and the range

of size of the particles were measured using nanoparticle

tracking analysis (Nanosight, Malvern, UK), the results

demonstrated that the concentration of the particles was

1.31 ×109±0.29 ×109 particles per ml, and the diameters of

the particles were within the range of 50–150 nm, with the

average of 145 nm (Figure 1c). Secondly, the morphology of

the CPC-derived particles was observed directly through

transmission electron microscope (TEM), the particles were

revealed as round-shaped vesicles with double layer mem-

brane structure and diameters about 100 nm (Figure 1d).

Finally, the protein levels of exosomes markers CD63, CD9

and Alix were measured with western blotting, all of the three

markers could be detected in the CPC-derived exosomes

(Figure 1e). So, the above properties analysis indicated that

CPC-derived particles collected in our experiments were

identified as exosomes.

Oxidative stress enhanced the production of CPC-

derived exosomes and caused apoptosis of cardiomyo-

cytes. To test the effects of oxidative stress on cardiac cells,

CPCs and H9C2 (a cardiomyocyte cell line) were treated with

H2O2. After treated with H2O2 on indicated concentrations for

6 h, the H9C2 cells were harvested for protein collection and

western blotting. The results showed that 100 μM H2O2

increased the level of cleaved caspase-3 (the active type of

caspase-3), suggesting an early apoptosis of the cardiomyo-

cytes was induced under the oxidative stress (Figure 2a).

Then, to observe whether the same condition of oxidative

stress could affect the exosomes secretion of CPCs,

exosomes were collected from CPCs treated with 100 μM

H2O2 for 6 h, and exosomes’ concentration was analyzed with

nanoparticle trafficking analysis (NTA). The results showed

that the exosomes concentrations increased from 1.31±

0.29×109 particles per ml to 3.36±0.66×109 particles per ml

after the H2O2 treatment, suggesting that the oxidative stress

could enhance the exosomes production of CPCs (Figure 2b).

MiR-21 in the CPC-derived exosomes increased under the

oxidative stress, potentially was involved in protecting

cardiomyocytes from apoptosis. Exosome, acting as a

carrier particle, has an intriguing role on cellular communica-

tion through the exchange of miRNAs or proteins between

cells.17 It is essential to investigate the miRNAs contents with

potential biological functions in exosomes secreted under

certain pathological situations.12 So, we selected 13 miRNAs

reported either involved in oxidative stress (miR-150,

miR-21),15,18 or cardiomyocytes apoptosis (miR-195, 320,

140, 24, 214, 34a),19–22 or contained in extracellular vesicles

(EVs) (miR-126, 146, 132, 210, 21, 451),5,23–25 as shown in

Figure 3a. Whether the oxidative stress would affect the

profiles of these 13 miRNAs in CPC-derived exosomes was

estimated through quantitative PCR. The agarose gel

electrophoresis results showed that the cells and exosomal

RNAs were integrated (Supplementary Figure S1). There

were six miRNAs (miR-21, 24, 214, 132, 195, 210) detected

in both H2O2-induced exosomes and non-induced ones.

Among these miRNAs, miR-21 in CPC-derived exosomes

was significantly upregulated (45-fold change) after the

H2O2 treatment (Figure 3b). This provided us a potential

exosomal miRNA target, which might have a role on affecting

the apoptosis of cardiomyocytes under the condition of the

oxidative stress. The level of miR-21 was examined in H2O2-

treated H9C2 cells, and the results showed that miR-21 were

significantly downregulated in H9C2 cells under H2O2

treatment (Figure 3c), suggesting that a possible connection

exists between the decrease of miR-21 and the apoptosis of

cardiomyocytes with oxidative stress. So the gain-of- and

loss-of-function experiments were performed using the

mimic/inhibitor of miR-21. MiR-21 mimic or inhibitor obviously

increase or decrease miR-21 expression in H9C2 specifically

(Supplementary Figure S2). To detect the effects of miR-21

on the H2O2-induced apoptosis of cardiomyocytes, the levels

of procaspase-3 and cleaved caspase-3 were detected

by western blotting. The results showed that miR-21 mimic

obviously decreased cleaved caspase-3 expression,

whereas the inhibitor increased cleaved caspase-3 expres-

sion (Figure 3d) in H9C2 under oxidative stress (100 μM

H2O2). This confirmed the anti-apoptotic function of miR-21

and implied that rescuing the downregulated miR-21 in the

cardiomyocytes under oxidative stress might be a potential

strategy to protect the cardiomyocytes from apoptosis.18,26

MiR-21 inhibited the apoptosis of H9C2 by targeting

PDCD4. PDCD4, a promoter of tumor cell apoptosis and

suppressor of tumor metastasis, as a predicted target gene of
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miR-21 in tumor cells.27 As shown in Supplementary

Figure S3, there are conserved binding sites in 3′UTR of

PDCD4 mRNA in different species. To confirm whether

PDCD4 is a target of miR-21 in H9C2 cells, the expression

levels of PDCD4 in H2O2-treated H9C2 cells were measured

by western blotting. The results showed that PDCD4 was

Figure 1 Characteristics of cardiac progenitor cells and exosomes. (a) The phase morphology of isolated CPCs growing on gelatin-coated dish; scale bar, 100 μm. (b) Flow
Cytometry analyzed purified Sca-1+CPCs from the first preparation. Typical purity of isolation is 495% after magnetic beads sorting. (c) Nanoparticle trafficking analyzed the
diameters and concentration of exosomes; 1 is a representative screen shot of the NTA videos, the bright white dot indicates one moving particle, (2) NTA estimated the size of the
EVs between 90 and 300 nm, and the mode of these particles is 85 nm, and predict the proper concentration is around 1.04 × 108 particles per ml, the dilution is 1 : 80, 3 is a heat
map pattern of 2, and 4 is a detail statistical report. (d) Electron micrograph analyzed CPC-derived exosomes. The image showed small vesicles of approximately 100 nm in
diameter. Scale bar, 100 nm. (e) Western blotting characterized CPC-exosomes. CPC-exosomes preparation was separated by SDS-polyacrylamide gel electrophoresis, and
electroblotted to the poly vinylidene fluoride (PVDF) membrane, and probed with exosomes marker CD63, CD9, Alix
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significantly upregulated in H9C2 cells under H2O2 treatment

(Figure 4a). Furthermore, gain-of- and loss-of-function

assays showed that miR-21 inhibitor increased, whereas

miR-21 mimic decreased PDCD4 mRNA (Supplementary

Figure S4) and protein (Figure 4b) levels in cardiomyocytes.

This data indicated that miR-21 possibly attenuated cell

apoptosis through inhibiting the expression of PDCD4.

To further address whether miR-21 directly binds the 3′UTR

region of PDCD4, we generated some chimeric constructs

which harbor luciferase wild-type 3′UTR sequence

(WT-3′UTR) or mutant 3′UTR sequence (Mut-3′UTR;

Figure 4c). As expected, miR-21 mimic exclusively inhibited

the luciferase activity of Luci-WT-3′UTR, suggesting that the

putative binding site is important for miR-21 suppressing

PDCD4 expression (Figure 4d). We next want to explore the

relationship between PDCD4 and apoptosis in H9C2 cells.

Through siRNA-mediated gene silence, we found that

PDCD4-siRNA apparently decreased the cleaved caspase-3

level, (Figure 4e). The knockdown efficiency of PDCD4-siRNA

was also detected by western blotting (Figure 4e, upper). In

addition, the Annexin V/PI assay showed that PDCD4 down-

regulated cells decreased the percentage of the apoptotic

cells to 13.26%, compared with the 23.84% in H2O2 group and

30.83% in siRNA-NC group (Figure 4f-j). Taken together,

these results confirmed that the effects of miR-21 on oxidative

stress-induced apoptosis were through targeting PDCD4.

CPC-derived exosomes restored the miR-21-PDCD4

pathway and attenuated apoptosis in cardiomyocytes

under oxidative stress. Exosomes are important media to

regulate cell-to-cell communication. The first step for exo-

somes releasing their cargoes into target cells is through

fusing themselves into the membrane of target cells. To

determine whether CPC-exosomes can be taken up by

cardiomyocytes, CPC-exosomes were labeled with PKH26, a

fluorescent cell linker compound that is incorporated into the

cell membrane by selective partitioning. After incubating the

labeled exosomes with cardiomyocytes for 12 h, the exo-

somes pellet show strong red fluorescence in the cytoplasm

of H9C2 cells (Supplementary Figure S5), indicating that lots

of exosomes were taken up by the H9C2 cells. Not surpri-

singly, when the cells were pre-treated with CPC-derived

exosomes, the decrease of miR-21 was rescued (Figure 5a)

under oxidative stress and the increases of PDCD4 and

cleaved caspase-3 were suppressed (Figure 5b). Consistent

with the higher yields of exosomes and exosomal miR-21

under oxidative stress, the exosomes derived from H2O2-

treated CPCs showed even stronger effects on increasing

miR-21 levels and decreasing PDCD4 expression in the

receptor cells. Whether the CPC-derived exosomes pro-

tected cardiomyocytes from the apoptosis caused by

oxidative stress, an Annexin V/PI analysis was carried out.

The results showed that the cells pre-treated with H2O2-

exosomes decreased the percentage of the apoptotic cells to

13.58%, compared with the 33.29% in H2O2 group, whereas

the normal exosomes (non-H2O2 induced) could only reduce

the apoptotic percentage to 17.39% (Figure 5c–h). Therefore,

the CPC-derived exosomes might be crucial to protect the

cardiomyocytes from apoptosis caused by oxidative stress,

and this effect was achieved by delivering miR-21 to targeting

PDCD4 in the receptor cardiomyocytes.

Discussion

Oxidative stress has been identified as critical in many key

steps in cardiac diseases, such as atrial enlargement,28 mitral

regurgitation29 and heart failure.30 Stem cell–based thera-

pies have shown promise to repair detrimental myocardial

Figure 2 H2O2 affects the cells’ apoptosis and exosomes’ production. (a) Western blotting analyzed procaspase-3 and cleaved caspase-3 in H9C2 cells after treatment of
different H2O2 concentrations (N= 3, *Po0.05, **Po0.01 versus 0 μM). (b) NTA counted the production of exosomes derived from normal cultured CPCs (Nor-exo) and
exosomes from 100 μM H2O2 treated CPCs (H2O2-exo), H2O2-CPC produce more exosomes ((3.36± 0.66) × 109 versus (1.31± 0.29) × 109, N= 5; *Po0.05 versus Nor-CPC)
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remodeling and cardiac dysfunction, but significant obstacles

to this approach remain. Thus, the amplification and delivery of

beneficial paracrine signals generated by stem cells could

overcome obstacles associated with cell injection–based

approaches to repair damaged myocardium.31 Because

CPCs are specialized to function in the heart, CPC-

generated signals may be particularly well suited to treat

cardiac pathologies,32 the paracrine effect of CPCs has

considered to be an important mechanism of cardiac

protection.7 Exosomes, one of the most important paracrine

factors, has been reported in many other cells, such as tumor

cells and stem cells, the cargoes of exosomes are verified as

the crucial signaling molecular for some key pathway.9,33 Very

few studies have focused on the anti-oxidative stress potential

of CPC-derived exosomes. In the present study, we obtained

the round, double layer, had a diameter of 30–100 nm vesicles

from CPCs conditioning medium, and express specific protein

markers of exosomes.

The oxidative stress originates mainly in mitochondria from

ROS and can be identified in the pathophysiology of the

consequential clinical manifestations of cardiovascular

disease.34 In fact, transplanted CPCs and resident cardiomyo-

cytes are stayed in the same oxidative environment. It is

important to analyze exosomes induced by oxidative stress,

similar to the pathological state when transplanted CPCs

embedded in pathological area. In the present study, we use

H2O2 induce the oxidative stress to mimic the microenvironment

of cardiomyocytes andCPCs under some certain cardiovascular

disease. The results demonstrated that H2O2 effectively induced

cardiomyocytes apoptosis, and the same concentration of H2O2

Figure 3 H2O2 changes the levels of miRNAs in CPC-exosomes. (a) Main reported miRNAs participated in cardiomyocytes apoptosis, H2O2 induced apoptosis and miRNAs
contained in the EVs after myocardial infarction, some miRNAs are multifunctional in both fields, such as miR-21, miR-214 and miR-34a. (b) Quantitative PCR analysis of main
reported miRNAs in Nor-exo and H2O2-exo, six miRNAs (miR-21, 24, 214, 132, 195, 210) are founded in H2O2-exo, and only miR-21 was significantly upregulated (N= 6,
**Po0.01 versus Nor-exo). (c) RT-qPCR analyzed and miR-21 in H9C2 cells after different concentrations of H2O2 treated (N= 3, *Po0.05, **Po0.01 versus 0 μM).
(d) 100 μM H2O2-treated H9C2 cells transfected with miR-21 mimics, inhibitors and both negative controls, and western blotting analyzed procaspase-3 and cleaved caspase-3
proteins levels in H9C2 cells (N= 5, **Po0.01, ***Po0.001 versus blank group)
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not only elevate the generation of exosomes from conditioned

culture medium of CPCs, but also change exosomal miRNA

levels. Previous research found that pathological microenviron-

ment or cell species could not only change the production of

exosomes, but also the cargoes in exosomes, including

miRNAs,6,11,35 proteins36,37 and lncRNA.10,38 Chen et al.4
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reported that miR-451 contained in CPC-derived exosomes had

cardioprotection roles for acute ischemia/reperfusion injury.

However, we did not observe the obvious expression of

miR-451 with qPCR in our experimental system, either in normal

exosomes or in H2O2 induced ones. Considered that miRNAs

normally express and act in a very sensitivemanner, we propose

the explanation to the differences of the exosomal miRNAs

described in our and others work is due to the different

experiment conditions, including different concentration or

treated time of stimulus. However except the certain miRNAs,

other molecules were not evaluated in this study.

miRNAs are small non-coding RNAs that block translation

or induce degradation of mRNA and thereby control patterns

of gene expression.39 Many miRNAs have reported to

contribute to the pathophysiological consequences of acute

myocardial infarction.12 Several miRNAs regulate apoptosis

and survival pathways in cardiomyocytes, inhibition of

apoptosis or activation of survival programs enhances cardiac

regeneration. Proapoptotic miRNAs include the miR-15

family,20 miR-34,19 miR-320,40 and miR-140,22 and

anti-apoptotic miRNAs include miR-24,41 miR-214,13,21

miR-145,14 miR-15015 and miR-21.42 Some of them could

Figure 4 PDCD4 is a target gene of miR-21. (a) Western blotting analyzed PDCD4 in H9C2 cells after different concentrations of H2O2 treated (N= 4, **Po0.01,
***Po0.001 versus 0 μM). (b) One hundred micromolar H2O2-treated H9C2 cells transfected with miR-21 mimics, inhibitors and both negative controls, western blotting analyzed
PDCD4 protein levels in H9C2 cells (N= 3, *Po0.05, **Po0.01, ***Po0.001 versus blank group). (c) Schematic representation of 3′-UTR of PDCD4 mRNA reporter with and
without the miR-21 seed-binding site (red). (d) Luciferase activity assay of HEK293T cells transfected with luciferase constructs containing WT-3′UTR and Mut-3′UTR of PDCD4
(N= 3, ***Po0.001 versus blank group). (e) Western blot analyzed the protein levels of caspase-3 and PDCD4 after H9C2 transfected with siRNA-PDCD4 (N= 3, **Po0.01
versus H2O2 group,

#Po0.05, ##Po0.01 versus siRNA-PDCD4 group). (f–h) Representative dot plots of cell apoptosis were showed after Annexin V/PI dual staining. The
proportion of dead cells (Annexin V− /PI+), live cells (Annexin V− /PI− ), early apoptotic cells (Annexin V+/PI− ) and late apoptotic/necrotic cells (Annexin V+/PI+) was
respectively measured for comparison. (j)The percentage of apoptotic cells was represent for both early and late apoptotic cells (N= 3, **Po0.01 versus siRNA-PDCD4 group)

Figure 5 CPC-exosomes inhibit the apoptotic function caused by H2O2 in cardiomyocytes. (a) RT-qPCR analyzed miR-21 in H9C2 cells under 100 μM H2O2 after CPCs co-
culture, Nor-exo and H2O2-exo pre-protection (N= 4, *Po0.05, ***Po0.001 versus control group). (b) Western blotting analyzed procaspase-3, cleaved caspase-3 and PDCD4
in H9C2 cells under 100 μM H2O2 after CPCs co-culture, Nor-exo and H2O2-exo pre-protection (N= 4, **Po0.01, ***Po0.001 versus control groups). (c–g) Representative dot
plots of cell apoptosis were showed after Annexin V/PI dual staining. (h) The percentage of apoptotic cells was represent for both early and late apoptotic cells (N= 3, *Po0.05,
**Po0.01 versus H2O2 groups)
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regulate H2O2 induced cell apoptosis, like miR-150,15miR-2142

andmiR-103/107.43Other miRNAs, which found in extracellular

vesicles or exosomes, are reported to have an essential role in

cardiac regeneration,24 including miR‑126,25 miR‑132,24 miR‑

14644 and miR‑210.5 Here we detected six miRNAs of 12 were

encapsulated by CPC-exosomes under oxidative stress.

Interestingly, we found only the miR-21 upregulated by ≥5-

fold by oxidative stress at the 6-h time point, probably to be

involved in regulating cardiac functions of interest. miRNAs

normalized byU6, U6asa housekeeping genewaswidely used

in the miRNAs quantification, including exosomal miRNAs

quantification, but Lin et al.
45 found that human U6 promoter

activity was downregulated in the presence of hydrogen

peroxide. In our study, we use hydrogen peroxide to induce

oxidative stress for cardiomyocytes, and our study mainly

focused on the exosomal miRNAs, which respond to environ-

mental stimulus, in a different profile than cellular miRNAs do.

When we compared the expression of exosomal U6 from

oxidative stress-treated cells to the one of untreated control

cells, there were no noticeable differences. The research about

U6 regulated by oxidative stress was mostly focused on the

human U6 promoter, whereas our work was focused on rat

cardiomyocytes (H9C2). Meanwhile, there was few research

demonstrated that U6 expression could be influenced by

oxidative stress in rat. As the regulation of U6 could have

species diversity, a detailed study is necessary to clarify this

subject.

miR-21 has been reported to mediate gene regulation and

cellular injury response in H2O2-induced vascular smooth

muscle cells.18 Our results demonstrated that oxidative stress

caused decrease of miR-21 levels in cardiomyocytes, indi-

cated that miR-21 may be one of the key factors to regulate

cardiomyocytes function under oxidative stress. In the gain-of-

and loss-of-function experiments, we found that upregulated

miR-21 levels effectively inhibit H2O2-induced cardiomyocytes

apoptosis. Usually miRNAs mediate cell function by inhibiting

the post-transcription process of downstream target genes;

previous studies revealed that miR-21 specifically targets and

regulates PDCD4, PTEN, RECK and Bcl-2 in tumor prolifera-

tion, invasion and migration.26,27,46 Our data confirmed that

PDCD4 was negatively regulated by miR-21 in oxidative

stress-induced cardiomyocytes, and PDCD4 silencing inhib-

ited the anti-apoptosis function of miR-21. These findings

strongly supported that PDCD4 is the underlying mechanism

of miR-21-mediated cellular protection.

Exosomes as a mediator to regulate cell-to-cell commu-

nication, such as stromal cells to breast cancer cells,

mesenchymal stem cells to endothelial cells, has been fully

proved.47,48 The understanding of exosomes biogenesis and

endocytosis was incomplete, whether exosomes could speci-

fically recognize their receptor cells still needs to be deeply

explored.9 In our study, when the cardiomyocytes were pre-

treated with CPC-derived exosomes, the exosomes can be

taken up at high efficiency, and the exosomal miR-21 also can

be transferred into the cardiomyocytes and take part in the

cellular signaling pathway. This delivery successfully caused

downstream response, including the decreasing PDCD4

expression and percentage of apoptotic cells in the cardio-

myocytes. So CPC-exosomes can rescue injured cardiomyo-

cytes by reconstructing the miR-21/PDCD4 pathway, CPCs

exosomal miR-21 may be one of the protective factors to

prevent cardiomyocytes from apoptotic process. Although our

data suggest that exosomal miR-21 had a critical role in the

apoptotic regulation of recipient cells, we do not rule out the

contribution of other exosomal cargoes. Whether CPC-

exosomes have same function in animal heart disease

models, the mechanism remains to be further explored.

In conclusion, the fruitful work gives explanation to an

intricate exosome-mediated cross-talk of CPCs and cardio-

myocytes (Figure 6). CPC-derived exosomes prevent cardio-

myocytes apoptotic program, at least partly, via miR-21

contained in exosomes. Generally, our data indicate that

individual species of miRNA have a crucial role in exosomes

function. Therefore, we can get the conclusion that the

exosomal miR-21 could be demonstrated as a promising

therapeutic strategy for ROS-mediated cardiac disease.

Materials and Methods
Isolation of cardiac progenitor cells. Cardiac progenitor cells were
generated from the hearts of 4-week-old, male, C57BL/6 mice (The Sun-yet sen
University experimental animals center, Guangzhou, China) isolated by using MACS
(Stem Cell Technology, Vancouver, BC, Canada). Briefly, cardiac tissues were
minced into 1 mm3 explants then digested by 0.1% collagenase (Gibco, Waltham,
MA, USA) into single cell suspension; next, Sca-1+ cells were isolated through
MACS with Sca-1 magnetic beads under the manufacturers’ instruction. The
selected Sca-1+ cells were cultured and maintained in complete media containing
M199 (Corning, Corning, NY, USA), EGM-2 (Lonza, Walkersville, MD, USA), 10%
exosomes-depleted FBS (Exo-FBS, System Biosciences, Mountain View, CA,
USA), 10 nM b-FGF, 1% MEM nonessential amino acids (Gibco, USA), and
penicillin–streptomycin (Gibco, USA).

Exosomes purification. The CPC-exosomes isolation procedures were
performed as previously described.49 Briefly, 10 ml conditional culture medium with
10% Exo-FBS was used for culturing CPCs in T75 flask. After 48 h, supernatant
was centrifuged at 3000 r.p.m., 15 min to remove cells, followed by filtration through
0.22 μm filter to remove cell debris. Exosomes in medium were precipitated with
ExoQuick TC (System Biosciences) under the manufacturer’s instruction, then

Figure 6 Schematic of our working hypothesis. In some oxidative stress-related
cardiac injury, CPCs secreted a considerable amount of exosomes, which can be
taken up by cardiomyocytes, and miR-21 contained in CPC-exosomes had an
inhibiting role in the apoptosis pathway through downregulating PDCD4
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resuspended exosomes pellets in 50 μl phosphate-buffered saline (PBS) and stored
at –80 °C.

Transmission electron microscopy. For the TEM morphology investiga-
tion, 3 μl of exosomes pellet was placed on formvar carbon-coated 200-mesh
copper electron microscopy grids, and incubated for 5 min at room temperature, and
then was subjected to standard uranyl acetate staining. The grid was washed with
three changes of PBS and allowed to semi-dry at room temperature before
observation in transmission electron microscope (Hitachi H7500 TEM, Tokyo,
Japan). Micrographs were used to quantify the diameter of exosomes.

Nanoparticle trafficking analysis. Analysis of absolute size distribution of
exosomes was performed using NanoSight NS300 (Malvern, UK). With NTA,
particles are automatically tracked and sized based on Brownian motion and the
diffusion coefficient. After isolation, the EVs were diluted in 1 ml of filtered PBS.
Control medium and filtered PBS were used as controls. The NTA measurement
conditions were temperature 23.75± 0.5 °C, 25 frames per second, measurement
time 60 s. The detection threshold was similar in all the samples. Three recordings
were performed for each sample.

Immunoblotting. Exosomes lysate supernatants were prepared, exosomes
were assessed for their protein content using BCA Protein Assay Kit (Thermo,
Waltham, MA, USA), and then resolved on a 10% sodium dodecyl sulfate bis-tris
gel, and transferred to an Immobilon FL PVDF membrane (Millipore, Billerica, MA,
USA). The membrane was blocked with 5% non-fat milk in TBST buffer, and
incubated with rabbit anti-CD63 (1 : 500, SC-15363, Santa Cruz Biotechnology,
Dallas, TX, USA), CD9 (1 : 1000, Abcam, Cambridge, MA, USA) and Alix (1 : 1000,
Abcam) overnight, and then washed with TBST, continued to incubate with HRP
linked goat anti-rabbit IgG (1 : 5000, Cell Signaling Technology, Danvers, MA, USA),
and the protein bands were visualized using the automatic imager (General
Electric, Fairfield, CT, USA).

Isolation and quantification of miRNAs. Total RNA from exosomes were
extracted by SeraMir (System Biosciences) following the manufacturer’s instruc-
tions, cell RNAs extracted by RNAprep pure cell/bacteria Kit (TIANGEN, Beijing,
China). The purity of isolated RNA was determined by OD260/280 using a
Nanodrop ND-1000 (Thermo Scientific), and integrity assessed by agarose gel
electrophoresis. Isolated RNAs were reverse transcription using the PrimeScipt RT
Reagent Kit (TaKaRa, Kusatsu, Shiga, Japan). The cDNA was used to perform
quantitative PCR on BioRad Real-Time PCR System (BioRad, Hercules, CA, USA)
using the SYBR kit (BioRad, USA). Amplification was performed at 95 °C for 5 min,
followed by 40 cycles of 95 °C for 10 s, 55.7 °C for 30 s. Quantification of miR-21a-
5p, miR-24-3p, miR-195a-5p, miR-132, miR-214 and miR-210 and so on were
performed with a stem-loop real-time PCR miRNA kit (Ribobio, Guangzhou, China).
miRNA primer also subscribed from Ribobio company (Guangzhou, China). Fold-
induction was calculated using the Ct method: ΔΔCt= (CtTarget miRNA−CtU6) H2O2

induced exosomes—(CtTarget miRNA−CtU6) normal exosomes, and the final data were
derived from 2−ΔΔCt.

H9C2 transfection. MiR-21 mimics, inhibitors and negative control RNAs
(ribobio, Guangzhou, China) were transfected with lipofectamine2000 (Life
Technologies) according to manufacturer’s guidelines. The work concentration of
mimics and mimic-NC were 50 nM, whereas inhibitors and inhibitor-NC were
100 nM. After 6 h, medium was refreshed. After 48 h, cells were harvested for total
RNA and proteins extraction. The efficiency of mimics or inhibitors was confirmed by
RT-qPCR. Following the PDCD4 mRNA, the PDCD4 and caspase-3 protein
expression levels were detected by RT-qPCR and western blotting. Total RNA from
cells were extracted by RNAprep pure cell/bacteria Kit (TIANGEN) following the
manufacturer’s instructions. Isolated RNAs were reverse transcripted using the
FastQuant RT super mix Kit (TIANGEN). The cDNA was used to perform
quantitative PCR on BioRAD Real-Time PCR System (BioRad) using the SYBR kit
(BioRad). Amplification was performed at 95 °C for 5 min, followed by 40 cycles of
95 °C for 10 s, 60 °C for 20s, 72 °C 15 s. Fold-induction was calculated using the Ct
method: ΔΔCt= (CtPDCD4–Ctactin) treated cells–(CtPDCD4–Ctactin) normal cells, and
the final data were derived from 2−ΔΔCt. Whole-cell proteins were extracted for
western blotting analysis, the procedures were same as above described.

Luciferase reporter assay. HEK293 cells were co-transfected with 500 ng
psiCHECK-2–PDCD4-3ʹUTR (wild type and mutant type) and 50 nM miR-21 mimic,

100 nM inhibitor and negative control (ribobio) using Lipofectamine2000 (Invitrogen,
USA) following the manufacturer’s instructions. After 48 h cells were lysed to
Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA), and
luciferase activity was measured using a GloMax20/20 Luminometer (Promega).
Luciferase activity was normalized by Renilla/Firefly luciferase signal in HEK293 cells.

RNA interference. The synthesized siPDCD4 and scramble (GeneCopoeia,
Rockville, MD, USA) were transfected into cells with Lipofectamine (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s instructions. Briefly, H9C2
cells (8 × 104 per well) were plated onto 6-well plates and allowed to grow for 12 h.
siPDCD4 (50 nM) or scramble with 5μl lipofectamine were added into cells. After
transfection, cells were incubated at 37 °C for 24 h to 72 h, then treated in the
presence of 100 μM H2O2 for 6 h. Cells were harvested for analysis after the
indicated time points as described above, and the proteins were for western blot
assay and cells for Annexin/PI assay.

The siPDCD4 sequence: F: GAAAGCGUAAGGAUAGUGUdTdT,
R: ACACUAUCCUUACGCUUUCdTdT

Apoptosis assay of H9C2 treated with CPC-derived exosomes.
H9C2 cells were cultured in DMEM/F12 (Hyclone, Logan, UT, USA) medium
supplemented with 10% FBS, H9C2 cells were pre-incubated with 10% Exo-FBS
DMEM with stressed, normal or without CPC-exosomes (2 × 109 particles per ml)
for 24 h, then treated with 100 μM H2O2 for 6 h. Following treatment, the apoptosis
rate analyzed by the Flow cytometry with Annexin V/PI kit (BD Bioscience, Franklin
Lakes, NJ, USA), according to the instructions of the manufacturer. Whole-cell
lysate were prepared by adding cell lysis buffer (Thermo), cell protein concentration
determined by BCA Protein Assay Kit (Thermo), and then resolved on a 10%
sodium dodecyl sulfate bis-tris gel, and transferred to an Immobilon FL PVDF
membrane (Millipore). The membrane was blocked with 5% non-fat milk in TBST
buffer, and incubated with rabbit anti-caspase-3 (1 : 1000, #9662, Cell Signaling
Technology), rabbit anti-PDCD4(1 : 1000, #9535, Cell Signaling Technology)
overnight, and then, incubated with HRP linked goat anti-rabbit IgG (1 : 5000,
Cell Signaling Technology), and the protein bands were visualized using the with
automatic imager (General Electric). The blots were quantified using FluorChem
8900 software (Alpha Innotech Corporation, San Leandro, CA, USA), and the
relative protein expression was normalized to β-actin.

Statistical analysis. An unpaired t-test and one-way ANOVA were performed
using GraphPadPrism version 5.0 for Windows (GraphPad Software, Inc., La Jolla,
CA, USA) to determine P-value in repeated experiments. All values are expressed
as mean± S.E.M. A value of Po0.05 was considered to indicate statistically
significant differences. Unless otherwise noted, all results were obtained through a
minimum of three independent experimental replications.
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