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Abstract
Background: Age and other cardiovascular risk factors have been reported to impair the activities of
mesenchymal stem cells (MSCs), which will affect the e�cacy of stem cell transplantation. The objective
of the study is to investigate whether exosomes derived from human umbilical cord MSCs (UMSCs) could
enhance the activities of bone marrow MSCs from old person (OMSCs), and improve their capacity for
cardiac repair.

Methods: Exosomes extracted from conditioned medium of UMSCs were used to treat OMSCs to
generate OMSCsExo. The key molecule in the exosomes that have potential to rejuvenate aged MSCs were
screened, and the role of OMSC was tested in the mouse model of mycardiac infarction(MI).

Results: We found the activity of senescence-associated β-galactosidase and the expression of aging-
related factors such as p53, p21, and p16 were signi�cantly higher in OMSCs than those in UMSCs. After
treatment with UMSC exosomes, these senescence phenotypes of OMSCs were remarkably reduced. The
proliferation, migration, differentiation, anti-apoptotic and paracrine effect were increased in OMSCsExo.
In vivo study, mice with cardiac infarction had signi�cantly better cardiac function, less �brosis, and more
angiogenesis after they were injected with OMSCsExo as compared with those with OMSC. There was
more miR-136 expression in UMSCs and OMSCsExo than in OMSCs. Upregulation of miR-136 by
transfection of miR-136 mimic into OMSCs signi�cantly attenuated the apoptosis and senescence of
OMSCs. Apoptotic peptidase activating factor (Apaf1) was found to be the downstream gene that is
negatively regulated by miR-136 via directly targeting at its 3’UTR.

Conclusion: Our data suggest that exosomes from young MSCs can improve activities of aged MSCs and
enhance their function for myocardial repair by transferring exosomal miR-136 and downregulating
Apaf1. 

Background
Stem cell-based transplantation is one of the most promising strategies of regenerative medicine for
treatment of different diseases, such as cardiovascular diseases [1, 2]. At present, mesenchymal stem
cells (MSCs) are the most used cell type for treating various diseases. Given that allogenic MSCs have
the risk of immunogenicity, especially for the elderly patient, patient-derived autologous MSCs may be the
safer choice in terms of avoiding unwanted immune responses [3, 4]. Unfortunately, age and other
cardiovascular risk factors have been reported to reduce the availability of stem cells and to impair their
function and activity [5, 6], thus limiting their therapeutic usefulness in the aged patients who could most
bene�t. Therefore, strategies to ameliorate the biological phenotype and function of MSCs from old
people (OMSCs) are urgently needed to achieve higher therapeutic e�cacy when autologous MSCs are
used.



Page 4/29

The current paradigm is that MSCs accomplish many of these therapeutical functions viaa paracrine
mechanism [7]. Paracrine effects are typically mediated by bioactive components that are present in
secreted membrane vesicles [8]. Cellular senescence not only impacts the cell function, but also in�uence
their neighboring cells through secreting high levels of in�ammatory cytokines, chemokines, growth
factors, and metalloproteinases, which is so-called senescence-associated secretary phenotype (SASP)
[9, 10]. In contrast, young cells have been shown to be able to rejuvenate aged cells through secreting
“young signals” [11]. Recent study showed that extracellular vesicles (EVs) derived from either induced
pluripotent stem cells (iPSCs) or MSCs can alleviate senescence of human cells in vitro [12]. It suggests
that paracrine factors of MSCs may play an important role in anti-aging process. Thus, the EVs secreted
from young cells appear to be a novel anti-aging factor. As a major part of EVs, exosomes become a
research focus. Exosomes are biological nanovesicles of 30-120 nm in diameter, and thought to be a
potent secretory component of MSCs containing a wide range of contents including nucleic acids,
proteins, lipids, mRNAs, and miRNAs [13, 14]. The paracrine effects exerted by human umbilical cord
MSCs (UMSCs) are more intense than those exerted by bone marrow stem cells (BMSCs) and adipose-
derived MSCs [15, 16]. However, the rejuvenation effect of exosomes secreted from UMSCs remains
unclear and the mechanism remains to be clari�ed.

A growing number of studies have already con�rmed that exosomal miRNA play important roles in
mediating intracellular cell communication. MicroRNAs are a class of small (18~22 nucleotides) single-
stranded noncoding RNAs, that suppress the expression of protein-coding genes by directing translational
repression, mRNA degradation, or both. MiRNAs mediate their regulatory action through imperfect binding
to the 3’ untranslated region (3’-UTR) of target mRNAs carrying the complementary site [17]. Clinically,
pro�les in exosomes have been linked to disease pathologies including aging process [18].

Here, we hypothesize that exosomes derived from UMSCs (ExoUMSCs) can rejuvenate OMSCs via
transferring speci�c miRNAs, resulting in higher activities of OMSCs for myocardial repair. In this study,
we found that ExoUMSCs can ameliorate senescent phenotype and improve functions of OMSCs by
releasing exosomal miR-136 which down-regulates apoptotic peptidase activating factor (Apaf1) in
OMSCs. Such rejuvenated OMSCs can have better therapeutic effect for cardiac repair.

Our study sheds new light on the cell-free modi�cation of aged stem cells as a potential therapeutic tool
for tissue regeneration.

Methods
Human samples of umbilical cord blood and bone marrow

The research proposal for use of human samples was approved by the Second A�liated Hospital
Research Ethics Committee of Zhejiang University and in accordance with the 1964 Helsinki declaration
and its later amendments or comparable ethical standards. Before samples were collected, all
participants were received and signed the written informed consent. Bone marrows from proximal femur
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of male patients at age of 65 to 85 years were used. Human umbilical cord blood of new born babies
(n=9) and circulation blood of adult males (n=29, age at 40-89 years old) were collected at the Second
A�liated Hospital of Zhejiang University (Hangzhou, China).

Isolation and Identi�cation of MSCs

Human umbilical cord MSCs (UMSCs) were provided by National Engineering Research Center of Cell
Products, State Key Laboratory of Experimental Hematology (Tianjin, China).Bone marrow MSCs were
isolated from bone marrow. Bone marrows obtained from the human proximal femur were washed with
phosphate buffered saline (PBS), and separated by the isolation regents (Wealthlin Science and
Technologies, Toronto, Canada) according to the user’s guide. The collected cells were seeded into 75
cm2 culture �asks with low glucose Dulbecco’s modi�ed eagle medium (DMEM) containing 10% (v/v)
fetal bovine serum (FBS; Life Technologies) and 100 U/ml penicillin/streptomycin (v/v) (SP) in a
humidi�ed atmosphere with 95% air / 5% CO2 at 37 °C. After 48-72h culture, non-adherent cells were
removed by changing the medium. The medium was changed every 2-3 days. Cells were passed when
cells were reached ~80% con�uence and MSCs at passage 2-6 were used for the study. MSCs were
characterized for their surface markers by a FACS Canto II Flow Cytometer (BD Bioscience, San Jose,CA,
USA). Brie�y, 1 × 106 cells were collected and suspended in 100 μl PBS with 1% FBS, and then incubated
with �uorescence-labeled antibodies against the surface markers (mesenchymal surface markers: PE-
CD29, PE-105, APC-CD166, endothelial cell surface marker: FITC-CD34, hematopoietic surface marker:
FITC-CD45 and isotype-matched control) for 1 h (Figure S1B). After washed with PBS twice, the cells were
analyzed for the cell surface markers using FACS via software (BD Bioscience).

Exosomes isolation and identi�cation

Exosomes were isolated using differential centrifugation according to the described methods 4. UMSCs
(1x106 cells) were seeded on the 75 cm2 culture �asks with DMEM containing 10% (v/v) FBS and 100
U/ml SP in a humidi�ed atmosphere at 37 °C. Once cells were passed at 80-90% con�uence (~1x107

cells), UMSCs were washed with PBS twice and cultured in the same volume of DMEM with exosome-
removed serum for 48 hr. The supernatant was harvested and centrifuged at 300X g for 10 min and
10,000X g for 30 min to discard the dead cells. The supernatant was concentrated in a Concentrator with
100KD MW cutoff under centrifugation at 2500X g for 10 min for several times. The concentrated
supernatant was then centrifuged at 100,000X g for 70 min to get exosome pellet which was
resuspended in PBS and centrifuged again under 100,000X g. Lastly, exosomes in the pellet were
resuspended in 100 ml PBS and stored at -80°C. Total 20 T75 �asks of UMSCs (~20x107 cells) were used
to achieve �nal ~60 mg exosomes that was resuspended in 100 ml PBS. The morphology of exosomes
was visualized by transmission electron microscope (TEM). The size distribution of exosomes was
measured by dynamic light scattering (DLS) with a NanosizerTM instrument (Malvern, UK).

Animal experimental
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Myocardial infarction (MI) model was established on 6-8-week male C57BL/6 mice. Thoracotomy was
performed at the fourth intercostal space to expose the heart and left anterior descending coronary artery
(LAD). The peri-infarct myocardial region was injected at �ve different points with total 30ul PBS with or
without 1×106 MSCs using a 30 gauge needle. In the sham-operated mice, LAD was not ligated. The mice
were randomly separated into 5 groups: Sham, DMEM, OMSCs, OMSCsExo and UMSCs.

miRNA mimic transfection

Cells (1x105) were seeded in 12-well plates the day before transfection. The cells were transfected with 50
nM of .miR-136 mimic and its non-speci�c miRNA negative control (Ambion, Austin, TX, USA), using
using lipofectamine 3000 as the manufacture’s instruction(life science). MiR-136 expression in the
transfected cells was determined by RT-qPCR at 48 h after transfection.

Plasmid construction and luciferase activity assay

Luciferase activities were measured by a Dual-Glo Luciferase Reporter Assay Kit (Promega). To elucidate
whether Apaf1 was a target gene of miR-136, TargetScan (http://targetscan.org) and miRTarBase
(http://miRTarBase.mbc.nctu.edu.tw) were used to predict the target genes that may be regulated by
miRNA molecules. Apaf1was identi�ed as a potential target which can be regulated by miR-136.
Bioinformatic analysis identi�ed two putative binding sites of miR-136 at positions 138-145 and 1091-
1098 of Apaf1 3’UTR. Wild-type (WT) and mutant binding regions of miR-136 in the 3’UTR of Apaf1 gene
were cloned into pMIR-REPORT luciferase reporter plasmids (Invitrogen, USA). Four plasmids were
generated: 1) WT, 2) mutation 1 at positions 138-145, 3) mutation 2 at positions 1091-1098, 4) dual
mutations at both sites of 3’UTR of Apaf1 gene. These plasmids were individually cotransfected with
miR-136 mimic (100 nM; Sangon Biotech Co. Ltd., Shanghai, China) or negative control mimics into
HEK293T cells (ATCC, Manassas, VA, USA). Renilla luciferase reporter plasmids were transfected as an
internal positive control. After cultivation at 37°C for 24 hours, cells were assayed using the dual-
luciferase assay system (Promega, Madison, USA) according to the manufacturer's instructions. All
assays were repeated at least three times.

Statistical analysis

Data are presented as mean ± standard deviation (SD). All the data were analyzed with GraphPad Prism
6.02 software (San Diego, Calif). Continuous variables were compared by the Student t-test. Comparison
of more than two groups was performed by one-way ANOVA. A value of P<0.05 was considered
signi�cant.

Results
MSCs from elderly are senescent and functional defective
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To understand the properties of MSCs from elderly (OMSCs), we �rst compared senescent phenotypes of
OMSCs (>65 years old) with MSCs from umbilical cord (UMSCs). As expected, more senescence-
associated β-gal positive cells was observed in OMSCs than in UMSCs (Fig 1a-b). In line with these, the
senescence-related markers p53, p21 and p16 were markedly upregulated and longevity marker Sirt1 was
signi�cantly decreased in OMSCs (Fig 1c). Consistent with these results, the proliferation of OMSCs was
signi�cantly reduced as compared to that of UMSCs (Fig 1d). Altogether, these data showed that OMSCs
have signi�cant senescent phenotypes, leading to a functional defection.

Exosomes derived from UMSCs ameliorate senescent phenotype of OMSCs

Exosomes from UMSCs (ExoUMSCs) were puri�ed from the conditioned medium of UMSCs. The
morphology of ExoUMSCs were typical cup-shaped with double layer membrane structure as visualized by
transmission electron microscopy (TEM) (Fig 2a). Western blot analysis con�rmed that the isolated
particles expressed exosome-speci�c markers: CD63, CD9 and Alixs (Fig 2b). The particle size of
ExoUMSCs was around 60-150nm as shown by Dynamic light scattering (DLS) (Fig S2). After OMSCs were
incubated with Dil-labeled ExoUMSCs for 48 h, �uorescence was detected inside the cells (Fig 2c),
indicating that ExoUMSCs were e�ciently internalized into the target cells. Number of β-gal positive cells
were signi�cantly reduced in OMSCs after treated with ExoUMSCs (Fig 2d). Expression of aging-related
factors: p53, p21, and p16 was also markedly reduced, and the level of Sirt1 was increased in the
ExoUMSCs-treated OMSCs (Fig 2e). The growth rate of OMSCs was signi�cantly increased (Fig 2f), and
more OMSCs entered into S phase of cell cycle after treatment with ExoUMSCs (Fig 2g). The numbers of
EdU positive OMSCs were signi�cantly higher in the ExoUMSCs-treated OMSCs than the untreated cells (Fig
2h). These results indicate that the exosomes secreted by UMSCs can rejuvenate the senescent MSCs.

ExoUMSCs renewed biological activities of OMSCs

To examine if ExoUMSCs could improve biological functions of OMSCs, OMSCs were pretreated with
ExoUMSCs for 48 h (OMSCsExo). The migration capacity was remarkably increased in OMSCsExo measured
by either Transwell assay (Fig 3a) or scratch wound assay (Fig S3a-d). The lower levels of Bcl-2/bax
con�rmed the decreased apoptosis of ExoUMSCs-treated OMSCs (Figure 3b). Furthermore, reduced number
of apoptotic cells were observed in the ExoUMSCs treated OMSCs (Figure 3c) as compared with the
untreated cells, and the rate of apoptotic cells was almost equivalent to that of UMSCs under the stressed
condition. The differentiation potential of OMSCs into osteocytes, chondrocytes and adipocytes were
also increased after treated with ExoUMSCs (Figure S4).

Since the therapeutic effects of MSCs are primarily contributed by their paracrine functions, the effect of
ExoUMSCs on MSCs paracrine functions was also studied. The conditioned media were collected from
OMSCs, OMSCsExo and UMSCs to treat human umbilical vein endothelial cells (HUVECs) and primary
mouse cardiomyocytes for assessing the pro-angiogenesis and anti-apoptosis effect of MSCs.
Signi�cantly increased tube formation was observed in HUVECs treated with the medium of OMSCsExo as
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compared with those treated with DMEM or medium of OMSCs (Fig 3d). Similarly, the apoptosis rate of
cardiomyocytes (CMs) under hypoxia and serum deprivation condition was attenuated after CMs were
treated with medium of OMSCsExo as compared with DMEM or OMSCs groups, and reached a similar
level as that of treated with medium of UMSCs (Fig 3e). These results suggested that exosomes secreted
by UMSCs can ameliorate the biological function of OMSCs and enhance their paracrine effects.

OMSCs pretreated with ExoUMSCs have better cardioprotective effect in vivo

To investigate the effect of ExoUMSCs on therapeutic functions of OMSCs for cardiac regeneration after
myocardium infarction (MI), OMSCs or OMSCsExo treated with or without ExoUMSCs were injected into
myocardium immediately after MI. We measured cell survival after MSCs transplantation in heart tissue
from different groups at day 7 after myocardial infarction, and found that the survival of UMSC and
OMSCExo were signi�cantly higher than those of the OMSC and DMEM groups(P<0.05). There was an
increased trend in survival rates of UMSC compared with OMSCExo (Fig S5). We measured and analyzed
the immune cells including CD3+ T cells, CD19+ B cells, Ly6G+ neutrophils, F4/80+ macrophages, and
in�ammatory factors such as IL-1b, Il-6, IL-12, TNFa and MCP-1 in heart tissue from different groups at
day 7 after myocardial infarction. No differences in the amount of immune cells and in�ammatory
factors are detected between OMSC and UMSC groups (Fig S6).

Signi�cant improvement in cardiac functions, both ejection fraction (EF%) and fractional shortening
(FS%), was observed in OMSCsExo group as compared with OMSCs group (EF: 56±5% vs 45±12%, p<0.05;
FS: 29±3% vs 22±7%, p<0.05) (Fig 4a), while OMSCs treatment also resulted in certain improvement in
cardiac function as compared with the control mice treated with DMEM (EF: 45±12% vs 34±7%, p<0.05;
FS: 22±7% vs 16±4%, p<0.05). The cardioprotective effect of OMSCsExo reached close to that of UMSCs
(Fig 4b). The density of CD31+ capillary and vwF+ cells were signi�cantly increased in mice injected with
OMSCsExo (Fig 4c-d and Fig S7) as compared with those injected with OMSCs or DMEM 28 days after
infarction. Similar trends were observed in arteriole density as measured by α-SMA staining (Fig 4e-f).
The scar size at 28 days after MI was signi�cantly smaller in OMSCsExo group than that of OMSCs and
DMEM groups (Fig 4g-h). These results indicate an improvement in therapeutic functions of OMSCs after
treated with ExoUMSCs.

miRNA-136 was a key effecter of ExoUMSCs to rejuvenate OMSCs

To study the mechanism of ExoUMSCs–mediated rejuvenation of OMSCs, the pro�les of age-related
miRNAs were screened from database (Miranda and TargetScan) and literatures [19, 20] as most of the
effects of exosome were carried out through exosomal miRNAs. Among these miRNAs, miR-136 was the
most abundant in UMSCs as compared with OMSCs, and was increased more than 20-fold in OMSCs
after cultured with ExoUMSCs, whereas no signi�cant difference was observed for other miRNAs such as
miR-106a, miR-155 and miR-29C among these groups (Fig 5a, Fig S8). Moreover, the level of miRNA-136
in ExoUMSCs was also higher than that in ExoOMSCs (Fig 5b). Next, we examined the role of miR-136 in
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regulating OMSCs senescence and biological function. The mRNA and protein levels of senescent-
associated markers p53, p21 and p16 (Fig 5c-d), as well as the β-gal+ cells were markedly reduced in
OMSCs after transfected with miR-136 mimics (Fig 5e). As a hallmark of cellular senescence and DNA
damage, γH2AX positive foci were enriched in OMSCs as compared with UMSCs, and were remarkably
decreased in miR-136 transfected OMSCs (Fig 5f).

Furthermore, using an EdU incorporation assay to measure DNA synthesis, we found that the proliferation
rate of OMSCs was also signi�cantly increased after OMSCs were transfected with miR-136 mimic (Fig
5g and Fig S9a). More cells at S phase of cell cycle (Fig 5h and Fig S9b) and less apoptotic cells (Fig 5i
and Fig S10a-c) were observed in the miR-136 overexpressed OMSCs in comparison with the original
OMSCs. ExoUMSCs and miR-136 mimics also signi�cantly increased the cell survival rate (Fig 5j) under
hypoxia and serum deprivation condition (Fig S11) mimicking the microenvironment of MI in vivo, and
resulted in a similar viability as that of UMSCs.

Apaf1 is a functional direct target of miR-136 involving in OMSCs survival

To understand how miR-136 regulates functions of OMSCs, the downstream target of miR-136 in
regulating cell senescence and survival was searched from literatures and con�rmed via bioinformatic
software (Miranda and miRtarbase). Apoptotic peptidase activating factor 1 (Apaf1) gene was found to
be one of the predicted target genes for miR-136, and Apaf1 has been reported to play crucial role in
regulating cell survival and apoptosis [21]. The expression of Apaf1 mRNA in OMSCs is higher than that
in UMSCs (Fig 6a). When OMSCs were treated with agonist (MDK83190) of Apaf1, level of aging-related
factors: p53, p21, and p16 were upregulated and level of Sirt1 was downregulated. Whearas, inhibitor
(ZYZ-488) of Apaf1 reversed this phenomenon (Fig 6b). There data con�rm that Apaf1 negatively affects
cell aging.

We then examined the expression of Apaf1 in OMSCs after treated with ExoUMSCs or miR-136 mimic.
Declined level of Apaf1 mRNA was observed in ExoUMSCs-treated or miR-136-transfected OMSCs, as
compared with untreated OMSCs or miR-NC transfected OMSCs, respectively (Fig 6c). In agreement with
this, Apaf1 mRNA was increased in UMSCs after treated with miR-136 inhibitor. These results con�rmed
that the expression of Apaf1 was negatively regulated by miR-136.

Two putative binding sites of miR-136 were identi�ed at 3’UTR of Apaf1 (positions 138-145 and 1091-
1098) through bioinformatic analysis (Fig 6d). To ascertain miR-136 directly binds to the 3’UTR of Apaf1
and causes translational inhibition, such two predicted 3’UTRs of Apaf1 and their mutants were cloned
into a luciferase reporter construct pmirGLO (Fig 6d). The luciferase assay revealed that miR-136 mimic
signi�cantly reduced the activity of luciferase when the reporter gene was fused with the Apaf1 3’UTR, as
compared with the miR-NC (Fig 6e). Mutation of both putative miR-136 sites in the 3’UTR of Apaf1
abrogated the effect of miR-136 on luciferase activity, while single mutation could not achieve such
abrogation. Expressions of APAF1 protein and its downstream target Caspase 9 were both suppressed in
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OMSCs after transfection with miR-136 mimic (Fig 6f). These results indicated that Apaf1 is the
downstream effecter of miR-136 through directly binding at the two sites of 3’UTR region.

More miR-136 in cord blood than in adult circulation.

To investigate the expression of miR-136 during aging, blood from 29 healthy male adults (age>40 years)
and umbilical cord blood from 9 healthy maternity as young group were collected, and the level of miR-
136 in the plasma was measured by qRT-PCR. The expression level of miR-136 was signi�cantly higher in
cord blood than that in blood from adults (Fig S12).

Discussion
MSCs hold signi�cant promise for regenerative medicine. Although transplantation of allogenic MSCs
such as MSCs derived from perinatal tissues has been wildly accepted, infusion of allogenic MSCs from
donors can often trigger immunoreaction, such as memory T-cell response[22-24]. Whereas autologous
MSCs can avoid such immune reaction since autologous MSCs have no or low immunogenicity[25].
However, aging and its associated diseases negatively impact MSCs properties in terms of proliferation,
paracrine function, and differentiation, and impair their therapeutic effect when autologous MSCs are
applied for old patients[26]. It has great clinical signi�cance to restore the activity of aged MSCs for
unrestricted stem cell transplantation. Physical [27], genetic and biochemical [28] ways have been used to
rejuvenate stem cells.

Here we found that exosomes derived from young MSCs (ExoUMSCs) ameliorate the senescence
phenotype of OMSCs. The cell proliferation, mobility and paracrine activity were signi�cantly enhanced in
OMSCs after ExoUMSCs treatment. Such rejuvenated OMSCsExo had signi�cantly increased activities in
cardiac repair. Injection of OMSCsExo into infarct heart resulted in better cardiac function, more
neovascularization, and less scar formation in comparison with that of OMSCs, which is consistent with
the strengthened paracrine effects in vitro. More importantly, we for the �rst time identi�ed the key factor
achieving the rejuvenation: miR-136 and its target gene Apaf1. There are more miR-136 in both UMSCs
and ExoUMSCs than in OMSCs. After treatment with ExoUMSCs, miR-136 level in OMSCsExo was signi�cantly
increased. Either ExoUMSCs or miR-136 mimic can down-regulate the expression of Apaf1 in OMSCs,
resulting in enhanced functions of OMSCs. These results suggest a novel approach to rejuvenate aged
MSCs and renew their activities for tissue repair. The signi�cance of this study is to expand the source of
human MSCs, and found a simple and safe alternative method to improve the therapeutic e�cacy in
cardiac disease. The noval method for rejuvenation of aged MSCs can also be expanded to broad clinical
use for cell transplantation.

Exosomes are extracellular vesicles (EVs) with a size range of 30-120 nm and originate from the
endosomal compartment where intraluminal vesicles within multivesicular bodies are released by
exocytosis [29]. Exosomes can be secreted from almost all cell types and are found in most human
biological �uids, including plasma, urine, synovial �uid, and bronchial lavage �uid [30]. Exosomes have
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emerged as novel and important players in intercellular communication, mainly through their ability to
transfer biological content, consisting of proteins, mRNAs, miRNAs and other non-coding RNAs, to
recipient cell. Hence, exosomes have been identi�ed as key mediators of paracrine effects, both in
physiological and pathological states associated with aging. Recent researches have focused on
exosomes as a powerful therapeutic tool in tissue repair and regeneration. Microvesicles from young
MSCs were able to rejuvenate aged murine hematopoietic stem cells [31, 32]. Another research found that
EVs secreted from human MSCs can reduced cellular ROS levels and alleviated aging phenotypes of
senescent MSCs [33]. These studies have provoked great interest in examining the roles of EVs in cellular
senescence and aging. However, these studies failed to illustrate the mechanism of such rejuvenation
effect of EVs. 

In our study, we used human umbilical cord MSCs as secretary source for the “young exosomes”. UMSCs
have superiorities including low immunogenicity, non-invasive procedure for harvest, and easy expansion
in vitro, and have been used widely in tissue repair and regeneration. In comparison with MSCs derived
from other human tissue such as bone marrow and adipose, UMSCs were the best in term of cell
proliferation and paracrine effect, and had the lowest expression of senescent markers: p53, p21 and
p16. It has been reported that UMSCs-derived exosomes activated several signaling pathways, which are
conducive in cardioprotection [34]. ExoUMSCs had also been used to rejuvenate human skin [35].

Senescence has been initially characterized in vitro as a process limiting the proliferative capability of
primary cells. The proliferation arrest, a main feature of cell senescence, is accompanied by changes in
both morphology and function. Our study found that after ExoUMSCs treatment, more cells entered into S
phase and continued proliferation, while the aged MSCs were mostly in the stationary phase. ExoUMSCs

treatment reduced the senescence phenotypes and rejuvenated the activity of aged MSCs. In vivo,
OMSCsExo were better than OMSCs in promoting neovascularization around the infarct zone, reducing
cardiac �brosis and preventing cardiomyocytes from apoptosis. The strengthened paracrine effect of
OMSCsExo reached a similar level to that of UMSCs. Our work greatly expands the future application
regimen of different human MSCs since rejuvenation by exosomes is a safer and more convenient way in
comparison with other regents or genetic modi�cation. However, it is still unknown if the functional
improvement of aged stem cells is permanent by the exosomal treatment. Long term effect of exosomes
on MSCs is yet to be evaluated.

MicroRNAs (miRNAs) have been identi�ed as the key post-transcriptional repressors of gene expression
in various cells and participate in multiple biological processes, including aging and cell survival
process[36]. Through direct exosomal transferring, miRNAs in the recipient cells were changed along with
their functions [37]. However, early studies did not shed light on how EVs from human stem cells alleviate
the aging phenotypes on senescent cells. Our current studies provided strong evidence for a new
mechanism that UMSCs and their exosomes carry a high level of miR-136 which plays a major role for
amelioration of aging phenotypes and viability when it was transferred into OMSCs.



Page 12/29

MiR-136 was initially identi�ed by cloning studies in mouse, and later veri�ed in human embryonic stem
cells [38]. Researches shown that miR136 acts as an anti-carcinoma miRNA in lung [39] and
hepatocellular carcinoma [40], and involves the metastasis of colon cancer by suppressing epithelial-to-
mesenchymal transition [41]. Here, we showed that both cellular and exosomal level of miR-136 were
higher in UMSCs than in OMSCs. After OMSCs were treated with ExoUMSCs or transfected with miR-136
mimic, γH2AX foci, a marker of DNA damage and repair, was signi�cantly reduced in OMSCs, and less
cell apoptosis of OMSCExo was detected under stressed culture condition. We also unveiled the
mechanism of miR-136 in the rejuvenation of OMSCExoby identifying that miR-136 is a regulator of
Apaf1. Luciferase assay and Western blot assay con�rmed that miR-136 negatively regulates Apaf1
expression via directly targeting its two sequences at 3'-UTR.

The association between miR-136 and Apaf1 has not been reported before. Especially, the role of miR-
136/Apaf1 signaling in the regulation of senescence and activities of aged cells was unknown. Our
results showed that UMSCs derived exosomes regulate aging-related phenotypes and functions in a miR-
136/Apaf1-dependent way. Apaf-1 is a key molecule in the intrinsic pathway of apoptosis. It oligomerizes
in response to cytochrome C release and forms a large complex known as apoptosome [42]. As the
initiator caspase component of the apoptosome complex, procaspase-9 is recruited and activated by the
apoptosome and leads to downstream caspase-3 processing [43]. It has been reported that Apaf-1 protein
levels were controlled at post-transcriptional levels, which appears to be regulated at least to some extent
by microRNAs, such as miR-23 and miR-27 in central neural system [44]. In addition, co-transduction of
Apaf-1 and caspase-9 triggers p53-dependent signaling pathways, and increased DNA damage
contributing to cellular senescence was observed Casp 9- and Apaf1-de�cient cells[45-47]. In our study,
Apaf1 expression were inhibited by either ExoUMSCs or miR-136 mimic. Level of caspase 9, a downstream
target of Apaf1, was also declined. Beside its fundamental role in the apoptotic cell death pathways,
Apaf-1 has a modulator effect on cell-cycle during DNA damage. Intriguingly, we found that there were
more cells into S phase of cell-cycle after the cells were transfected with miR-136 mimics, which indicated
that miR-136 and its downstream targets involved in the cell proliferation and survival. In addition to
apoptotic functions, non-apoptotic functions for Apaf-1 are emerging [48, 49]. Herein, mapping the
interplay between these functions is essential for complete understanding the roles of Apaf-1 in health
and aging diseases. Despite our novel �nding of exosomes-delivered miR-136 as a key element for
rejuvenation, it remains unclear whether additional bioactive molecules (proteins, RNAs, lipids, etc.) are
involved in the alleviation of senescence in OMCSs. It is undeniable that the effect of exosomes on aging
cannot be achieved by a single miRNA.

In addition, we compared miR-136 level in serum of umbilical cord and adults, and found that miR-136
expression was higher in umbilical cord serum, which is consistent with the recent report about miRNA in
circulating microvesicles as biomarkers for age-related cognitive decline [50]. Our results pave the way for
the use of exosomal miR-136 as a biomarker for diagnosis.

Conclusion
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our study reveals a new approach to reactive senescent cells through exosomes. We reported for the �rst
time that exosomes secreted from young MSCs could effectively alleviate the senescent properties of
aged MSCs, and enhance their therapeutic effect. The key rejuvenation factor in ExoUMSCs is miR-136
which directly binds to the 3’UTR of Apaf1 mRNA and suppresses Apaf1 expression in the recipient cells.
Rejuvenation of aged stem cells with an effective, convenient and safe method could expand the
availability of donor for various applications (Fig 6g).Our results point out miR136, as a key element
released by young cells in the extracellular environment via exosomes, can improve surrounding cell
viabilities, suggesting that we can reverse aging through miRNA gene editing. It is possibile that
epigenetic changes of aging hallmarks through exosomes or miRNAs could alter the physiological aging
process, and provide a key target for future rejuvenation.

Declarations
Availability of data and materials

 The datasets generated and/or analysed during the current study are available in the Mendeley
repository: Zhang, ning; Zhao, yun; Zhu, jinyun; Ma, qunchao; Wang, yingchao; Hu, xinyang; Zhu, wei; Han,
zhongchao; Yu, hong (2019), “�gshare”, Mendeley Data, V4, http://dx.doi: 10.17632/fp4njbzdwt.4

Ethics approval and consent to participate

The animal protocols used in this study and the research proposal for use of human samples were
approved by the Second A�liated Hospital Research Ethics Committee of Zhejiang University and in
accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical
standards. The UMSC collection and the related experiments were approved by the Ethics Committee of
National Engineering Research Center of Cell Products, State Key Laboratory of Experimental
Hematology, Institute of Hematology.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Acknowledgments

Not applicable.

Funding

This work was supported by the National Natural Science Foundation of China Grant (No. 81570251,
81528002 to HY), the National Natural Science Youth Foundation of China Grant (No.81700424 to QCM),



Page 14/29

and Science and Technology Project of Zhejiang Provincial (No. 2017C37075 to YCW).

Author contributions

NZ, JYZ and YCW performed experiments, analyzed data, and prepared the manuscript; NZ and QCM
analyzed data and prepared the �gures; NZ and YZ performed bioinformatics and statistical analyses;
ZCH provided MSCs from umbilical cord. HY and ZCH designed the experimental study, and revised the
manuscript. All authors read and approved the �nal manuscript.

Author details

1. Department of Cardiology, Second A�liated Hospital, College of Medicine, Zhejiang University.88
Jiefang Rd, Hangzhou, Zhejiang Province, 310009, PR China

2. Cardiovascular Key Laboratory of Zhejiang Province. 88 Jiefang Rd, Hangzhou, Zhejiang Province,
310009, PR China

3. National Engineering Research Center of Cell Products, State Key Laboratory of Experimental
Hematology, Institute of Hematology, Tianjin 300020, PR China

Abbreviations
BMSCs: Bone marrow stromal stem cells; FBS: Fetal bovine serum; UMSCs: Mesenchymal stem cells;
OMSC: mesenchymal stem cells from old person; Apaf1: apoptotic peptidase activating factor; SASP:
senescence-associated secretary phenotype; EVs: extracellular vesicles; TEM: transmission electron
microscope; DLS: ynamic light scattering; MI: myocardial infarction; LAD: left anterior descending
coronary artery; 3' UTR: 3'-untranslated region; ExoMSCs: exosomes from mesenchymal stem cells; HUVEC:
human umbilical vein endothelial cell; MSCsExo: mesenchymal stem cells were pretreated with exosomes;
vWF: von Willebrand Factor; CM: cardiomyocyte; EF: ejection fraction; FS: fractional shortening; DMEM:
Dulbecco’s modi�ed eagle medium.

References
1. Hu X, Xu Y, Zhong Z, Wu Y, Zhao J, Wang Y, Cheng H, Kong M, Zhang F, Chen Q, Sun J, Li Q, Jin J, Li

Q, Chen L, Wang C, Zhan H, Fan Y, Yang Q, Yu L, Wu R, Liang J, Zhu J, Wang Y, Jin Y, Lin Y, Yang F, Jia
L, Zhu W, Chen J, Yu H, Zhang J, Wang J. A Large-Scale Investigation of Hypoxia-Preconditioned
Allogeneic Mesenchymal Stem Cells for Myocardial Repair in Nonhuman Primates: Paracrine Activity
Without Remuscularization. Circ Res. 2016; 118:970-983.

2. Carvalho E, Verma P, Hourigan K, Banerjee R. Myocardial infarction: stem cell transplantation for
cardiac regeneration. Regen Med. 2015; 10:1025-1043.

3. Katsara O, Mahaira LG, Iliopoulou EG, Moustaki A, Antsaklis A, Loutradis D, Stefanidis K, Baxevanis
CN, Papamichail M, Perez SA. Effects of donor age, gender, and in vitro cellular aging on the



Page 15/29

phenotypic, functional, and molecular characteristics of mouse bone marrow-derived mesenchymal
stem cells. Stem Cells Dev. 2011; 20:1549-1561.

4. Ben Nasr M, Vergani A, Avruch J, Liu L, Kefaloyianni E, D'Addio F, Tezza S, Corradi D, Bassi R,
Valderrama-Vasquez A, Usuelli V, Kim J, Azzi J, El Essawy B, Markmann J, Abdi R, Fiorina P. Co-
transplantation of autologous MSCs delays islet allograft rejection and generates a local
immunoprivileged site. Acta Diabetol. 2015; 52:917-927.

5. Heiss C, Keymel S, Niesler U, Ziemann J, Kelm M, Kalka C. Impaired progenitor cell activity in age-
related endothelial dysfunction. J Am Coll Cardiol. 2005; 45:1441-1448.

�. Fan M, Chen W, Liu W, Du GQ, Jiang SL, Tian WC, Sun L, Li RK, Tian H. The effect of age on the
e�cacy of human mesenchymal stem cell transplantation after a myocardial infarction.
Rejuvenation Res. 2010; 13:429-438.

7. Tachibana A, Santoso MR, Mahmoudi M, Shukla P, Wang L, Bennett M, Goldstone AB, Wang M,
Fukushi M, Ebert AD, Woo YJ, Rulifson E, Yang PC. Paracrine Effects of the Pluripotent Stem Cell-
Derived Cardiac Myocytes Salvage the Injured Myocardium. Circ Res. 2017; 121:e22-e36.

�. Xiao K, Thum T. Exosomal MicroRNAs Released by Pediatric Cardiac Progenitor Cells. Circ Res. 2017;
120:607-609.

9. Nadeau S, Cheng A, Colmegna I, Rodier F. Quantifying Senescence-Associated Phenotypes in Primary
Multipotent Mesenchymal Stromal Cell Cultures. Methods Mol Biol. 2019.

10. Nelson G, Wordsworth J, Wang C, Jurk D, Lawless C, Martin-Ruiz C, von Zglinicki T. A senescent cell
bystander effect: senescence-induced senescence. Aging Cell. 2012; 11:345-349.

11. Lutz CT, Quinn LS. Sarcopenia, obesity, and natural killer cell immune senescence in aging: altered
cytokine levels as a common mechanism. Aging (Albany NY). 2012; 4:535-546.

12. Woolthuis CM, Mariani N, Verkaik-Schakel RN, Brouwers-Vos AZ, Schuringa JJ, Vellenga E, de Wolf
JT, Huls G. Aging impairs long-term hematopoietic regeneration after autologous stem cell
transplantation. Biol Blood Marrow Transplant. 2014; 20:865-871.

13. Barile L, Moccetti T, Marban E, Vassalli G. Roles of exosomes in cardioprotection. Eur Heart J. 2016.

14. Singla DK. Stem cells and exosomes in cardiac repair. Curr Opin Pharmacol. 2016; 27:19-23.

15. Arutyunyan I, Elchaninov A, Makarov A, Fatkhudinov T. Umbilical Cord as Prospective Source for
Mesenchymal Stem Cell-Based Therapy. Stem Cells Int. 2016; 2016:6901286.

1�. Heo JS, Choi Y, Kim HS, Kim HO. Comparison of molecular pro�les of human mesenchymal stem
cells derived from bone marrow, umbilical cord blood, placenta and adipose tissue. Int J Mol Med.
2016; 37:115-125.

17. Gebert LFR, MacRae IJ. Regulation of microRNA function in animals. Nat Rev Mol Cell Biol. 2019;
20:21-37.

1�. Emanueli C, Shearn AI, Angelini GD, Sahoo S. Exosomes and exosomal miRNAs in cardiovascular
protection and repair. Vascul Pharmacol. 2015; 71:24-30.



Page 16/29

19. Ji L, Zhang L, Li Y, Guo L, Cao N, Bai Z, Song Y, Xu Z, Zhang J, Liu C, Ma X. MiR-136 contributes to
pre-eclampsia through its effects on apoptosis and angiogenesis of mesenchymal stem cells.
Placenta. 2017; 50:102-109.

20. Dellago H, Preschitz-Kammerhofer B, Terlecki-Zaniewicz L, Schreiner C, Fortschegger K, Chang MW,
Hackl M, Monteforte R, Kuhnel H, Schosserer M, Gruber F, Tschachler E, Scheideler M, Grillari-
Voglauer R, Grillari J, Wieser M. High levels of oncomiR-21 contribute to the senescence-induced
growth arrest in normal human cells and its knock-down increases the replicative lifespan. Aging
Cell. 2013; 12:446-458.

21. Moroni MC, Hickman ES, Lazzerini Denchi E, Caprara G, Colli E, Cecconi F, Muller H, Helin K. Apaf-1 is
a transcriptional target for E2F and p53. Nat Cell Biol. 2001; 3:552-558.

22. Nauta AJ, Westerhuis G, Kruisselbrink AB, Lurvink EG, Willemze R, Fibbe WE. Donor-derived
mesenchymal stem cells are immunogenic in an allogeneic host and stimulate donor graft rejection
in a nonmyeloablative setting. Blood. 2006; 108:2114-2120.

23. Lee RH, Seo MJ, Reger RL, Spees JL, Pulin AA, Olson SD, Prockop DJ. Multipotent stromal cells from
human marrow home to and promote repair of pancreatic islets and renal glomeruli in diabetic
NOD/scid mice. Proc Natl Acad Sci U S A. 2006; 103:17438-17443.

24. Wakitani S, Mitsuoka T, Nakamura N, Toritsuka Y, Nakamura Y, Horibe S. Autologous bone marrow
stromal cell transplantation for repair of full-thickness articular cartilage defects in human patellae:
two case reports. Cell Transplant. 2004; 13:595-600.

25. Badillo AT, Beggs KJ, Javazon EH, Tebbets JC, Flake AW. Murine bone marrow stromal progenitor
cells elicit an in vivo cellular and humoral alloimmune response. Biol Blood Marrow Transplant.
2007; 13:412-422.

2�. Li Y, Wu Q, Wang Y, Li L, Bu H, Bao J. Senescence of mesenchymal stem cells (Review). Int J Mol
Med. 2017; 39:775-782.

27. Hu X, Wu R, Jiang Z, Wang L, Chen P, Zhang L, Yang L, Wu Y, Chen H, Chen H, Xu Y, Zhou Y, Huang X,
Webster KA, Yu H, Wang J. Leptin signaling is required for augmented therapeutic properties of
mesenchymal stem cells conferred by hypoxia preconditioning. Stem Cells. 2014; 32:2702-2713.

2�. Wu Q, Shao H, Darwin ED, Li J, Li J, Yang B, Webster KA, Yu H. Extracellular calcium increases CXCR4
expression on bone marrow-derived cells and enhances pro-angiogenesis therapy. J Cell Mol Med.
2009; 13:3764-3773.

29. Loyer X, Vion AC, Tedgui A, Boulanger CM. Microvesicles as cell-cell messengers in cardiovascular
diseases. Circ Res. 2014; 114:345-353.

30. Lawson C, Vicencio JM, Yellon DM, Davidson SM. Microvesicles and exosomes: new players in
metabolic and cardiovascular disease. J Endocrinol. 2016; 228:R57-71.

31. Kulkarni R, Bajaj M, Ghode S, Jalnapurkar S, Limaye L, Kale VP. Intercellular Transfer of Microvesicles
from Young Mesenchymal Stromal Cells Rejuvenates Aged Murine Hematopoietic Stem Cells. Stem
Cells. 2018; 36:420-433.



Page 17/29

32. Lei Q, Liu T, Gao F, Xie H, Sun L, Zhao A, Ren W, Guo H, Zhang L, Wang H, Chen Z, Guo AY, Li Q.
Microvesicles as Potential Biomarkers for the Identi�cation of Senescence in Human Mesenchymal
Stem Cells. Theranostics. 2017; 7:2673-2689.

33. Liu S, Mahairaki V, Bai H, Ding Z, Li J, Witwer KW, Cheng L. Highly Puri�ed Human Extracellular
Vesicles Produced by Stem Cells Alleviate Aging Cellular Phenotypes of Senescent Human Cells.
Stem Cells. 2019.

34. Liu H, Sun X, Gong X, Wang G. Human umbilical cord mesenchymal stem cells derived exosomes
exert antiapoptosis effect via activating PI3K/Akt/mTOR pathway on H9C2 cells. J Cell Biochem.
2019.

35. Kim YJ, Yoo SM, Park HH, Lim HJ, Kim YL, Lee S, Seo KW, Kang KS. Exosomes derived from human
umbilical cord blood mesenchymal stem cells stimulates rejuvenation of human skin. Biochem
Biophys Res Commun. 2017; 493:1102-1108.

3�. Hackl M, Brunner S, Fortschegger K, Schreiner C, Micutkova L, Muck C, Laschober GT, Lepperdinger G,
Sampson N, Berger P, Herndler-Brandstetter D, Wieser M, Kuhnel H, Strasser A, Rinnerthaler M,
Breitenbach M, Mildner M, Eckhart L, Tschachler E, Trost A, Bauer JW, Papak C, Trajanoski Z,
Scheideler M, Grillari-Voglauer R, Grubeck-Loebenstein B, Jansen-Durr P, Grillari J. miR-17, miR-19b,
miR-20a, and miR-106a are down-regulated in human aging. Aging Cell. 2010; 9:291-296.

37. Gurunathan S, Kang MH, Jeyaraj M, Qasim M, Kim JH. Review of the Isolation, Characterization,
Biological Function, and Multifarious Therapeutic Approaches of Exosomes. Cells. 2019; 8.

3�. Suh MR, Lee Y, Kim JY, Kim SK, Moon SH, Lee JY, Cha KY, Chung HM, Yoon HS, Moon SY, Kim VN,
Kim KS. Human embryonic stem cells express a unique set of microRNAs. Dev Biol. 2004; 270:488-
498.

39. Shen S, Yue H, Li Y, Qin J, Li K, Liu Y, Wang J. Upregulation of miR-136 in human non-small cell lung
cancer cells promotes Erk1/2 activation by targeting PPP2R2A. Tumour Biol. 2014; 35:631-640.

40. Ding H, Ye ZH, Wen DY, Huang XL, Zeng CM, Mo J, Jiang YQ, Li JJ, Cai XY, Yang H, Chen G.
Downregulation of miR1365p in hepatocellular carcinoma and its clinicopathological signi�cance.
Mol Med Rep. 2017; 16:5393-5405.

41. Ren H, Qi Y, Yin X, Gao J. miR-136 targets MIEN1 and involves the metastasis of colon cancer by
suppressing epithelial-to-mesenchymal transition. Onco Targets Ther. 2018; 11:67-74.

42. Zhou M, Li Y, Hu Q, Bai XC, Huang W, Yan C, Scheres SH, Shi Y. Atomic structure of the apoptosome:
mechanism of cytochrome c- and dATP-mediated activation of Apaf-1. Genes Dev. 2015; 29:2349-
2361.

43. Shakeri R, Kheirollahi A, Davoodi J. Apaf-1: Regulation and function in cell death. Biochimie. 2017;
135:111-125.

44. Chen Q, Xu J, Li L, Li H, Mao S, Zhang F, Zen K, Zhang CY, Zhang Q. MicroRNA-23a/b and microRNA-
27a/b suppress Apaf-1 protein and alleviate hypoxia-induced neuronal apoptosis. Cell Death Dis.
2014; 5:e1132.



Page 18/29

45. Lu EP, McLellan M, Ding L, Fulton R, Mardis ER, Wilson RK, Miller CA, Westervelt P, DiPersio JF, Link
DC, Walter MJ, Ley TJ, Graubert TA. Caspase-9 is required for normal hematopoietic development
and protection from alkylator-induced DNA damage in mice. Blood. 2014; 124:3887-3895.

4�. Shinoura N, Sakurai S, Asai A, Kirino T, Hamada H. Co-transduction of Apaf-1 and caspase-9
augments etoposide-induced apoptosis in U-373MG glioma cells. Jpn J Cancer Res. 2001; 92:467-
474.

47. Shinoura N, Sakurai S, Shibasaki F, Asai A, Kirino T, Hamada H. Co-transduction of Apaf-1 and
caspase-9 highly enhances p53-mediated apoptosis in gliomas. Br J Cancer. 2002; 86:587-595.

4�. Tong H, Miyake Y, Mi-Ichi F, Iwakura Y, Hara H, Yoshida H. Apaf1 plays a negative regulatory role in T
cell responses by suppressing activation of antigen-stimulated T cells. PLoS One. 2018;
13:e0195119.

49. Ferraro E, Pesaresi MG, De Zio D, Cencioni MT, Gortat A, Cozzolino M, Berghella L, Salvatore AM,
Oettinghaus B, Scorrano L, Perez-Paya E, Cecconi F. Apaf1 plays a pro-survival role by regulating
centrosome morphology and function. J Cell Sci. 2011; 124:3450-3463.

50. Rani A, O'Shea A, Ianov L, Cohen RA, Woods AJ, Foster TC. miRNA in Circulating Microvesicles as
Biomarkers for Age-Related Cognitive Decline. Front Aging Neurosci. 2017; 9:323.

Supplementary Information
Additional �le 1: Table S1. Name and sequence of primers sets for real-time RT-PCR

Additional �le 2: Table S2. Echocardiographic parameters of mice with indicated treatment (28d post-
MI).
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Additional �le 4: Fig S1. Characteristics and identi�cation of OMSCs and UMSCs. Morphology of UMSCs
and OMSCs were observed under microscope. MSCs were identi�ed by �ow cytometry with positive for
cell surface markers CD29, CD44, CD90, and negative for CD34 (endothelial cell marker) and CD45
(hematopoietic marker). Differentiation of OMSCs into three lineages (osteogenesis, adipogenesis and
chondrogenesis) was induced and visualized by alizarin red staining, oil red O staining, and toluidine blue
staining, respectively.

Additional �le 5: Fig S2. Characterization and Identi�cation of exosomes derived from UMSCs.
Representative images of Size distribution range (50-150nm) of ExoUMSCs was assessed by DLS analysis.

Additional �le 6: Fig S3. Migration assay of MSCs. Mobility of OMSCs with or without treatment of
ExoUMSCs was analyzed by the transwell assay. Migrated cells were visualized by crystal violet staining.
Scratch wound assay was conducted for assessing the migration potential of indicated cells.
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Additional �le 7: FigS4. Differentiation potential of OMSCs after treatment with ExoUMSCs. Representative
images of differentiation of OMSCs and OMSCs pretreated with ExoUMSCs into osteocytes, adipocytes
and chondrocytes, which was visualized by staining with alizarin red, oil red O, and toluidine blue,
respectively.

Additional �le 8: Fig S5. Cell survival after transplantation after MI. Flow cytometric analysis of Dil
positive MSCs injected in the peri-infarct myocardial region after myocardial infarction in different
groups.

Additional �le 9: Fig S6. Immune cells and in�ammatory factors expression after MSCs transplantation.
Flow cytometric analysis of immune cells including CD3+B cells CD19+T cells Ly6G+neutrophils and
F4/80+macrophages in heart tissue at day 7 after myocardial infarction in different groups. RT-PCR
analysis of in�ammatory factors such as IL-1b, Il-6, IL-12, TNFa and MCP-1 in heart tissue at day 7 after
myocardial infarction in different groups.

Additional �le 10: Fig S7. Effects of MSCs Transplantation on angiogenesis after MI. Representative
images of immuno�uorescence staining for arterioles using shp against vwF (red) to illustrate matured
vessel in the hearts. Scale bar,100μm. vwF positive cells were quanti�ed per HPF to calculate the matured
vessel density in a bar graph.

Additional �le 11: Fig S8. MiRNAs expression in MSCs. The expressions of miR-17, 19, 20a, 106a, 29, 136,
and 155 in OMSCs, OMSCs treated with ExoUMSCs, and UMSCs were assessed by RT-qPCR. U6 was used
as an internal reference gene.

Additional �le 12: Fig S9. Detection of OMSCs proliferation and cell cycle after treatment with ExoUMSCs
or miR-136. OMSCs which treated with ExoUMSCs, or transfected with miR-136 mimic or miR-NC were
analyzed for cell cycle by EdU staining kit and �ow cytometry analysis.

Additional �le 13: Fig S10. Apoptosis of OMSCs after transfection of miR-136 or treatment with ExoUMSCs.
apoptotic OMSCs were detected by Annexin V/PI staining and TUNEL staining which treated with
ExoUMSCs or transfected with miR-136 mimic or miR-NC, and then cultured under hypoxia and serum
deprivation conditions.

Additional �le 14: Fig S11. Quanti�cation of viability of OMSCs. Cell viability of OMSCs with speci�ed
treatments was assessed by CCK-8 assay under serum de�ciency.

Additional �le 15: Fig S12. More miR-136 in cord blood than in adult circulation. Quanti�cation of miR-
136 level in serum from adults (n=29) and cord blood of healthy maternity (n=9) by real time PCR. U6
was used as an internal reference gene for miRNA.

Figures
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Figure 1

Characteristics of OMSCs and UMSCs a) OMSCs and UMSCs were stained for senescence associated β-
galactosidase (β-gal) activity. Blue color indicates β-gal positive. b) Quanti�cation of β-gal positive cells
out of total cells in A. c) Western blot analysis of aging-related protein markers (Sirt1, p53, p21 and p16).
Quanti�cation of speci�ed proteins was shown in the bar graph. The values were normalized with GAPDH
and then compared with that of UMSCs. d) Time-course of cell growth determined by Cell Counting Kit-8
(CCK-8) assay was plotted for OMSCs and UMCSs. Each experiment was repeated three times. *P<0.05
vs. UMSCs.
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Figure 2

ExoUMSCs mitigates the senescence phenotype of Old MSCs in vitro a) Representative images of
exosomes derived from UMSCs (ExoUMSCs) under transmission electron microscope. Right panel is an
ampli�ed view of the selected area on the left. b) Western blot analysis of exosomal speci�c markers
(Alix, CD63 and CD9) for ExoUMSCs (100 µg of exosomal protein was loaded), and cell lysis as negative
control. c) Representative �uorescence images of exosome internalization into OMSCs under confocal



Page 22/29

microscopy. ExoUMSCs was marked with red �orescence dye Dil and co-cultured with OMSCs. Red
�uorescence represents exosomes uptaken by cells. d) Representative images of β-gal staining for
OMSCs with or without treatment with ExoUMSCs and quanti�cation of β-gal positive cells out of total
cells in A. e) Western blot analysis age-related protein markers in OMSCs before and after treatment with
ExoUMSCs. The proteins were quanti�ed in the bar graph. f) Time course of cell proliferation for OMSCs
with or without treatment of ExoUMSCs was analyzed by CCK-8 assay. g) Flow cytometry analysis for cell
cycle. Left side of peak in purple color represents cells in G1 phase, Middle part in green color represents
cells in S phase, right peak in pink is the cells in G2 phase. h) Edu staining images of OMSCs with or
without treatment of ExoUMSCs. Pink represents Edu positive cells. The nuclea of all cells were stained
with Hochest showing blue. Scale bar: 100μm. Edu+ cells out of total cells were quanti�ed in bar graph.
Each experiment was repeated three times. *P<0.05 vs. OMSCs.
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Figure 3

ExoUMSCs promotes the biological function and paracrine effects of Old MSCs in vitro. a) Mobility of
OMSCs with or without treatment of ExoUMSCs was analyzed by the transwell assay. Migrated cells were
visualized by stainings of Hochest for nuclear. Scale bar:100μm and the quanti�cation of the migrated
cells in A. b) Western blot analysis of Bcl2 and Bax for detection of cell apoptosis. β-actin served as
loading control. and the q uanti�cation of Bcl/Bax ratio in g. Each experiment was repeated three times.
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c) Flow cytometry analysis of apoptosis and necrosis for speci�ed cells after they were stained with
Annexin V and Propidium Iodide (PI). and the q uanti�cation of cells in either early (Q3) or late (Q2)
apoptosis. d) Representative images of tube formation assay of HUVECs which were transduced with
lentiviral vector carrying gene for GFP and cultured in DMEM alone or conditioned medium of speci�ed
cells (OMCs, OMSCsExo and UMSCs). Scale bar: 200μm. e) Quanti�cation of tube length in A. f) Flow
cytometry analysis of apoptosis and necrosis in primary mouse cardiomyocytes after they were
pretreated with DMEM or speci�ed conditioned medium under hypoxia and serum deprivation condition
for 24 h and then stained with Annexin V and PI. g) Quanti�cation of Annexin-V positive cells (Q2 and Q3)
in C. *P<0.05 vs. OMSCs; # P<0.05vs. OMSCsExo.



Page 25/29

Figure 4

Effects of MSC Transplantation on cardiac function after MI. a) Representative echocardiographic
images of speci�ed mice at day 28 post MI. b) Cardiac functions assessed by EF and FS (%) were
obtained from echocardiographic images. c) Representative images of immuno�uorescence staining for
ECs using Ab against CD31 (red) to illustrate angiogenesis in the border zone of ischemic hearts 28d post
MI. d) CD31 positive cells were quanti�ed per high power �eld (HPF) to calculate the vessel density. e)
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Representative images of immuno�uorescence staining for vessel using antibody against α-SMA (green)
to illustrate angiogenesis in the border zone of ischemic hearts 28d post MI. f) α-SMA positive cells were
quanti�ed per HPF to calculate the mature vessel density. g) Sections of hearts 28d post MI were stained
with Sirus red to illustrate the �brosis (red) at infarct tissues. h) The scar size was quanti�ed and
expressed as the ratio of the length of collagen deposited area (red) over perimeter of left ventricle. n=6
hearts/group. Each experiment was repeated at least three times. *P<0.05 vs. DMEM; # P<0.05vs.
OMSCs.

Figure 5

Effects of miR-136 on OMSCs. a) Real time RT-PCR analysis of miR-136 expression in UMSCs and
OMSCs with or without treatment with ExoUMSCs. b) Real-time PT-PCR analysis of miR-136 levels in
exosomes derived from OMSCs and UMSCs. The expression level of miR-136 were normalized to U6. c)
Real time RT-PCR analysis of p53, p21 and p16 expressions in OMSCs which were transfected with miR-
136 mimic or scrambled miRNA (miR-NC), or treated with ExoUMSCs for 48 hours. d) Western blot
analysis of senescence-related proteins p53, p21 and p16 in OMSCs transfected with miR-136 mimic or
miR-NC. GAPDH was used as a loading control. e) Representative images of β-gal staining in OMSCs
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transfected with miR-136 mimic or miR-NC. β-gal positive cells out of total cells were quanti�ed in the bar
graph. f) Representative images of immuno�uorescent stained OMSCs which were transfected with miR-
136 mimic or miR-NC, or treated with ExoUMSCs for 48 h, and then stained with Ab against γ-H2AX (red)
and DAPI (blue). Scale bar,100μm. Quanti�cation of γ-H2AX foci in the speci�ed cells. g) Quanti�cation
of Edu positive cells in OMSCs which were treated with ExoUMSCs, or transfected with miR-136 mimic or
miR-NC. h) Quanti�cation of OMSCs at S phase of cell cycle as a percentage of total cells. OMSCs were
cultured under the speci�ed conditions and analyzed for their DNA contents using �ow cytometry. i)
Quanti�cation of apoptotic OMSCs which were treated with ExoUMSCs or transfected with miR-136
mimic or miR-NC, and then cultured under hypoxia and serum deprivation conditions. Apoptosis of
OMSCs was detected by Annexin V/PI staining. j) Cell viability of OMSCs with indicated treatments were
assessed by CCK-8 assay under serum deprivation under hypoxia condition. *P<0.05 vs. OMSCs/DMEM;
**P<0.05 vs. OMSCs; # P<0.05 vs. OMSCs+miR-NC/miR-136.
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Figure 6

miR-136 downregulates Apaf1 expression through directly binding with its noncoding region. a) Real time
RT-PCR analysis of Apaf1 level in OMSCs and UMSCs, GAPDH used as control. b) Western blot analysis
of senescence-related proteins p53, p21 and p16 in OMSCs treated with agonist (MDK83190) and
inhibitor (ZYZ-488) of apaf1. GAPDH used as control. c) Real time RT-PCR analysis of Apaf1 level in
OMSCs which were treated with ExoUMSCs or transfected with miR-136 mimic or miR-NC for 48 h (left
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panel), or Apaf1 mRNA in UMSCs after the cells were transfected with miR-136 inhibitor (anti-miR-136) or
anti-miR-NC for 48 h (right). d) Apaf1 was predicted as the target mRNA of miR-136 by TargetScan (right).
Schematic diagram showed the potential two binding sites for miR-136 on the 3’UTR (138-145) and
(1091-1098) of Apaf1, and their designed mutants. Luciferase reporter vectors with different Apaf1 3’-
UTR (WT, double mutations at both sites (D-MUT), single mutation at either site (S-MUT1 and S-MUT2)
were constructed (Left). e) 293T cells were transfected with the speci�ed luciferase reporter vector
containing the WT, mutant plasmids S-MUT1, S-MUT2, and D-MUT, along with miR-136 mimic or miR-NC.
After 24hours, cell lysates were prepared and subjected to determination of relative luciferase activity by
normalization of �re�y luciferase activity with Renilla luciferase activity. f) Western blot analysis of Apaf1
and its downstream target caspase 9 protein in OMSCs which were transfected with miR-136 mimic or
miR-NC. GAPDH used as control. g) Schematic cartoon illustrating that exosomes derived from human
umbilical cord MSCs rejuvenate aged MSCs and enhance their functions for myocardial repair. *P<0.05
vs. OMSCs/UMSCs+miR-NC; *P<0.05 vs. DMEM.
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