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miR-4732-3p in Extracellular Vesicles
From Mesenchymal Stromal Cells Is
Cardioprotective During Myocardial
Ischemia

Rafael Sanchez-Sanchez, Marta Gomez-Ferrer, Ignacio Reinal, Marc Buigues,
Estela Villanueva-Badenas, Imelda Ontoria-Oviedo, Amparo Hernandiz,
Hernan Gonzalez-King, Esteban Peir6-Molina, Akaitz Dorronsoro*t and Pilar Sepulveda*

Regenerative Medicine and Heart Transplantation Unit, Instituto de Investigacion Sanitaria La Fe, Valencia, Spain

Extracellular vesicles (EVs) derived from mesenchymal stromal cells (MSCs) are an
emerging alternative to cell-based therapies to treat many diseases. However, the
complexity of producing homogeneous populations of EVs in sufficient amount hampers
their clinical use. To address these limitations, we immortalized dental pulp-derived
MSC using a human telomerase lentiviral vector and investigated the cardioprotective
potential of a hypoxia-regulated EV-derived cargo microRNA, miR-4732-3p. We tested
the compared the capacity of a synthetic miR-4732-3p mimic with EVs to confer
protection to cardiomyocytes, fibroblasts and endothelial cells against oxygen-glucose
deprivation (OGD). Results showed that OGD-induced cardiomyocytes treated with
either EVs or miR-4732-3p showed prolonged spontaneous beating, lowered ROS
levels, and less apoptosis. Transfection of the miR-4732-3p mimic was more effective
than EVs in stimulating angiogenesis in vitro and in vivo and in reducing fibroblast
differentiation upon transforming growth factor beta treatment. Finally, the miR-4732-
3p mimic reduced scar tissue and preserved cardiac function when transplanted
intramyocardially in infarcted nude rats. Overall, these results indicate that miR-4732-
3p is regulated by hypoxia and exerts cardioprotective actions against ischemic insult,
with potential application in cell-free-based therapeutic strategies.

Keywords: extracellular vesicles, mesenchymal stromal (stem) cell (MSC), miR-4732-3p, angiogenesis,
myocardial infarction, fibrosis, cardiac function analysis

INTRODUCTION

Coronary artery disease remains the primary cause of death in emerging and developed countries.
Its most severe manifestation, acute myocardial infarction (AMI), is characterized by the occlusion
of a coronary artery, which interrupts blood supply and oxygen and can lead to sudden death (Shao
etal., 2020). Cell therapy is gaining traction as a promising alternative to conventional therapies for
many diseases, including cardiac tissue repair. In this setting, mesenchymal stromal cells (MSCs)
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have been investigated in-depth, and are believed to act largely in
a paracrine manner (Gnecchi et al., 2005; Armifnan et al., 2010).
More recently, there has been a shift from cell (MSC)-based
therapies to cell-free therapies, based on the use of adult stem cell-
derived small extracellular vesicles (EVs), which can recapitulate
the therapeutic benefits of parental cells (Rani et al., 2015).
A particular strength of this approach is that EV-based therapies
have fewer safety issues than cell-based therapies, and handling of
these biological products is less complex (Zhang et al., 2021).

Extracellular vesicles are small particles 30-200 nm in
diameter delimited by a lipid bilayer that are released from
almost every type of cell. EVs are involved in intracellular
communication, and transfer information via a diverse cargo
of cytokines, membrane-trafficking molecules, chemokines, heat
shock proteins and even mRNAs and microRNAs, which trigger
myriad responses in target (recipient) cells including cardiac
cells (Wu et al,, 2020). In the setting of cardiac disease, EVs
secreted by MSCs from different tissue origins have been
demonstrated to mitigate ischemia/reperfusion (I/R) injury in
different experimental models of AMI and I/R (Lai et al,
2010; Bian et al, 2014; Takov et al, 2020; Wu et al., 2020;
Zhang et al., 2020).

The cardioprotective effects of MSC-derived EVs are due, at
least in part, to different microRNA (miRNA) cargo molecules,
which can modulate gene expression in recipient cardiac cells
through post-transcriptional mRNA repression. The role of some
of these miRNAs have been investigated in pre-clinical models.
For instance, intramyocardial infusion of bone marrow-derived
EVs overexpressing miR-486-5p from non-human primates
was demonstrated to recover cardiac function after myocardial
infarction in murine and non-human primates (Li et al., 2021).
Similarly, delivery of MSC-derived EVs containing miR-150-
5p attenuated adverse myocardial remodeling in a rat model
of I/R (Ou et al., 2020). Likewise, MSC-EV-derived miR-21a-
5p induced cardioprotection in mice after I/R injury (Luther
et al., 2018), and adenovirus delivery of miR-148a prevented
ventricular remodeling in mice subjected to pressure-overload
(Raso et al., 2019). Mechanistically, miR-210 was found to
enhance myocardial vascularization in a rat model of AMI
after myocardial transduction by upregulating the expression
of hepatocyte growth factor (Fan et al, 2018). Nonetheless,
some cargo miRNAs from MSC-EVs can be deleterious to
cardiac function, and strategies to reduce or eliminate specific
packaged miRNA molecules have been shown to improve the
anti-apoptotic and pro-angiogenic functionality of EVs (Zhang
et al, 2017; Ning et al, 2021). In this scenario, it would be
highly desirable to identify the optimal EV cargo and to design
novel “miRNA cocktails” with selected miRNAs for specific
applications such as cardioprotection (Jayawardena et al., 2014).
With this aim, we sought to identify some key components that
contribute to the therapeutic activity of MSC-derived EVs by
evaluating several miRNAs contained in EV cargo. Here, we
demonstrate that miR-4732-3p contributes to the therapeutic
potential of EVs and induces protective mechanisms both in
cardiomyocytes and endothelial cells. Furthermore, a miR-4732-
3p mimic induced angiogenesis subcutaneously when implanted
in a basement membrane plug and exerted cardioprotection

when transplanted intramyocardially in a rat model of permanent
coronary occlusion. These findings underscore miR-4732-3p as a
potentially important player in ischemia-related processes with
utility in cardioprotective strategies.

MATERIALS AND METHODS

Ethics Statement

Animal procedures were approved by the institutional ethical
and animal care committees according to guidelines from
Directive 2010/63/EU of the European Parliament on the
protection of animals used for scientific purposes, enforced in
Spanish law under Real Decreto 1201/2005 (GVA authorized
procedures 2020/VSC/PEA/0123 for the model of angiogenesis in
NOD/SCID mice and 2020/VSC/PEA/0122 for the experimental
model of myocardial infarction in nude rats).

Primary Cultures

Neonatal rat cardiomyocytes (NRCM) were isolated as described
(Arminan et al., 2009) with some modifications. Briefly, rats
aged 1 to 2 days were euthanized by decapitation, and the
hearts were extracted, minced and incubated overnight in HBSS
(without Ca and Mg) with 0.0125% trypsin (Sigma Aldrich)
with gentle agitation at 4°C. Subsequently, the fragments were
digested for 20 min at 37°C in an enzyme mixture (0.2%
collagenase, 1 mg/mL DNAse) in Leibovitz L15 medium (all
from Gibco-Invitrogen, Grand Island, NY, United States). Cell
suspensions were collected and centrifuged at 90 x g for 5 min at
room temperature and the cells were resuspended in Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 10% horse serum,
20% M-199 Medium, 5% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (all from Gibco). The cells were then
incubated for 1.5 h under standard culture conditions (37°C in
5% CO,) to allow fibroblasts to attach to the culture plates. Then,
the medium containing unattached cells was centrifugated and
cardiomyocytes were pelleted and seeded in 0.1% gelatin-coated
plates with DMEM, 4% horse serum, 17% M-199 Medium, 5%
FBS, and 1% penicillin/streptomycin. Primary cultures of human
umbilical vein endothelial cells (HUVEC; ATCC, Manassas,
VA, United States) were grown in Vascular Cell Basal Medium
supplemented with Endothelial Cell Growth Kit-VEGF (ATCC).

EV Isolation

The immortal MSC-TERT line was used as previously described
(Gomez-Ferrer et al., 2021). Donor cells were cultured in DMEM-
low glucose supplemented with 1% penicillin/streptomycin
and 10% FBS (Lonza, Basel, Switzerland). FBS was first
ultracentrifuged at 100,000 g for 16 h to remove contaminant
bovine EVs. Cells were incubated in a humidified atmosphere
(37°C in 5% CO,) with EVs-free serum. EV's were collected after
48 h using a serial ultracentrifugation protocol (Gonzalez-King
et al., 2017). Briefly, supernatants were first centrifuged at 2,000g
for 10 min, then at 10,000¢ for 30 min and filtered through
a 0.22-pmm filter. EVs were pelleted by ultracentrifugation at
100,000¢ for 70 min at 4°C (Optima L-100 XP, Beckman Coulter,
Pasadena, CA, United States), washed with PBS, and pelleted
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again as before. Pellets were resuspended in 100 pl of PBS.
Isolated EVs (10 mpL) were used for protein quantification
with the BCA Protein Assay Kit (Pierce, Thermo Scientific Inc.,
Rockford, IL, United States). Where indicated, cells were treated
with EVs by direct addition to the culture medium to a final
concentration of 30 wg/mL shortly before the initiation of the
different experimental conditions.

EV Characterization

Western Blotting

Extracellular vesicles were suspended in RIPA buffer (1% NP40,
0.5% deoxycholate, 0.1% sodium dodecyl sulfate in Tris-buffered
saline [TBS]) (Sigma-Aldrich, Madrid, Spain) supplemented
with the protease inhibitors PMSF and leupeptin (Roche, Basel,
Switzerland). Lysis was completed by five freeze-thaw cycles,
followed by centrifugation at 12,000 g for 10 min at 4°C.
EV protein concentration was determined as above. Equal
amounts of samples were mixed with non-reducing Laemmli
sample buffer (Bio-Rad, Hercules, CA, United States) and
denatured at 96°C for 5 min. Proteins were separated on
10% SDS-polyacrylamide gels and transferred to polyvinylidene
difluoride membranes (Immobilon-P; Millipore, Bedford, MA,
United States). Membranes were blocked with TBS containing
5% (w/v) non-fat dry milk powder and 0.1% Tween-20. Human
primary antibodies used for western blotting were as follows:
anti-tubulin (dilution 1/4000; Sigma-Aldrich; T5168), anti-CD9
(Santa Cruz Biotechnology, Santa Cruz, CA, United States; C-
4), anti-Tsgl01 (dilution 1/200; Santa Cruz Biotechnology; C-
2), anti-conexin43 (Cell Signaling Technology, Danvers, MA,
United States) anti-ALIX (Santa Cruz Biotechnology), anti-
HSP70 (Cell Signaling Technology), anti-cleavage-caspase 3 (Cell
Signaling Technology), anti-SMA (Sigma-Aldrich) and anti-col
I (Cell Signaling Technology). Detection was carried out using
peroxidase-conjugated secondary antibodies and the ECL Plus
Reagent (GE Healthcare, Little Chalfont, United Kingdom).
Reactions were visualized using an Amersham Imager 600 (GE
Healthcare) and quantified with Image]J software (NIH).

Nanoparticle Tracking Analysis

Extracellular vesicle size distribution and quantification was
performed using nanoparticle tracking analysis (NTA) on a
NanoSight NS3000 System (Malvern Instruments, Malvern,
United Kingdom). EV pellets were suspended in PBS in 200 1
of 0.22-m-filtered PBS.

Electron Microscopy

Electron microscopy was performed as described (Garcia et al,,
2016). Briefly, EVs were diluted in PBS, loaded onto Formwar
carbon-coated grids, contrasted with 2% uranyl acetate and
finally examined on a FEI Tecnai G2 Spirit transmission electron
microscope. Images were acquired using a Morada CCD Camera
(Olympus Soft Image Solutions GmbH, Miinster, Germany).

EVs Small RNA Sequencing

Libraries were prepared using the SeqMatic TailorMix miRNA
Sample Preparation Kit according to the manufacturer’s protocol.
Briefly, 1 to 5 ng of RNA from EVs were subjected to adaptor

3’and 5 ligation and first strand ¢cDNA synthesis. Library
amplification was performed by PCR using Indexed primers
supplied in the kit. Final libraries were analyzed using Agilent
Bioanalyzer to estimate the quantity and check size distribution
and were sequenced on I[llumina’s HiSeq2500.

miRNA Electroporation of EVs

To incorporate miR-4732-3p into EVs, the later were
resuspended in an electroporation buffer after the last
ultracentrifugation step of isolation and were incubated
with an artificial mimic of the chosen miRNA (MISSION miRNA
mimic, Merck) at a concentration of 40 nM. The suspension was
loaded into a Gene Pulser/MicroPulser Electroporation Cuvette
and treated with 3 pulses of 300 V with 5 s between each pulse.
Subsequently, the transduced EVs were incubated at 4°C for
30 min. To eliminate the miRNA not loaded in the EVs, the
volume was increased with PBS to 25 mL and the solution was
ultracentrifuged as described. The final pellet was resuspended in
100 L of PBS.

Generation of Lipofectamine

miR-4732-3p Complexes

Transfection of miR-4732-3p mimic in vitro was assessed using
Lipofectamine 2000 (Thermo Fisher Scientific) according to
manufacturer’s instructions. Briefly, 100 pL of miR-4732-3p
mimic 1 pg/LL was mixed with vigorous shaking for 30 s with
200 L of Lipofectamine. The mixture was incubated for 30 min
at room temperature.

Encapsulation of miRNA-4732-3p Mimic
Transfection of miR-4732-3p mimic in vivo was assessed using
Maxsuppressor in vivo RNA-LANCEr-I1 lipidic reagent (Cosmo
Bio Co., Ltd., Japan) following manufacturer’s instructions.
Briefly, 8.5 pl of semi-dry Maxsuppressor in vivo RNA-LANCEr-
II was mixed with 16 pl of miR-4732-3p mimic in a total
volume of 25 pl of PBS to a final dose of 25 pg/heart in
each rat. The mixture was sonicated and used fresh for in vivo
surgical procedures.

qPCR Detection of miRNA Expression in

Cell Cultures

Reverse transcription was performed with the miRCURY LNA
Universal RT miRNA PCR Kit (Qiagen, Madrid, Spain). The
miRNA was quantified using a Viia TM 7 Real System and the
results were analyzed with QuantStudio Real-Time PCR Software
(Applied Biosystems, Foster City, CA, United States).

Oxygen/Glucose Deprivation (OGD)

Procedure

Oxygen-glucose deprivation was induced on NRCM by culture
with DMEM without glucose, glutamine, and phenol red
(Thermo Fisher Scientific) in a chamber at 1.5% O5.

Annexin V Staining
Neonatal rat cardiomyocytes were seeded at 2 x 10° cells/cm?
in 1% gelatin-coated plates. After OGD, the cells were detached

Frontiers in Cell and Developmental Biology | www.frontiersin.org

August 2021 | Volume 9 | Article 734143


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Sénchez-Séanchez et al.

miR-4732 in EVs Mediates Cardioprotection

from the plastic with trypsin/EDTA, and were washed and
resuspended in binding buffer with annexin-V-FITC and
propidium iodide for 15 min. The percentage of annexin-positive
cells was measured by flow cytometry in a FACS Canto II
cytometer (BD Bioscience, San Jose, CA, United States).

Lactate Dehydrogenase Assay

Neonatal rat cardiomyocytes were seeded at 2 x 10° cells/cm?
in 1% gelatin-coated plates. After OGD, the supernatant was
tested for lactate dehydrogenase using the Cytotoxicity Detection
KitPLUS (LDH) (Roche, Indianapolis, IN, United States).

Cell Rox Staining

Hypoxia-treated cells were washed three times with PBS and
incubated with CellRox-FITC® (Thermo Fisher) at a dilution
of 1/200 in DMEM with no FBS. After 20 min incubation at
37°C the cells were washed three times in PBS to eliminate
the unconjugated stain and were detached with trypsin/EDTA.
The fluorescence intensity of the staining was measured
by flow cytometry.

NRCM Beating Measurement

To test the effect of OGD and EV treatment on cardiac
contraction, we seeded cardiomyocytes at high confluence in
gelatin-coated 6-well plates (5 x 10° cells/well). After several
days cardiomyocytes start to beat spontaneously. The number of
beats per minute was measured using a Leica DM6000 inverted
optical microscopy at 10 x magnification. Cells were treated with
30 wg/mL of EVs or transfected with 20 nM encapsulated miR-
4732-3p using Lipofectamine as indicated above and were then
subjected to OGD for 6 h, and each hour the beats were counted
and normalized to non-treated cells.

Cardiac Fibroblast Scratch Assay

Fibroblasts from neonatal rats were seeded in a 48-well plate at
2 x 10° cells/well. Fibroblasts were treated the day before the
analysis with 10 ng/mL of TGF-f to stimulate differentiation into
myofibroblasts. Cells were then treated with 30 pg/mL of EVs
or transfected with 20 nM miR-4732-3p using lipofectamine as
indicated above. A straight line in the monolayer of fibroblast was
created using a 20-LL pipette tip. Images were taken 24 h after the
addition of treatments using a Leica DM600 inverted microscope
at 4 x magnification. The area of the scratch wound was then
measured using Image].

Immunofluorescence

Cardiac fibroblasts were cultured on glass coverslips at 2 x 10%
cell/glass in a 24-well plate. After treatment with TGFf and EVs,
cells were fixed in 4% paraformaldehyde for 10 min, washed
three times with PBS and permeabilized with 0.1% Triton X-
100 in PBS for 25 min. Cells were then washed with PBS and
blocked with 10% FBS at room temperature for 30 min. Next,
the cells were incubated with anti-actin, a-smooth muscle-Cy3
(Sigma-Aldrich) or anti-collA (Cell Signaling Technology) at a
concentration of 1/200 in a humidified incubator overnight. After
washing in PBS with PBS, and in the case of col1 A treated with the

Alexa488 Donkey anti-rabbit (BD Bioscience) for 1 h, the cells
were washed with PBS and counterstained with DAPI for 15 min
and mounted using a drop of FluorSave (CalbioChem, San Diego,
CA, United States). Images were captured with a Leica DM2500
fluorescence microscope.

Tube Formation Assay

Tubular-like formations were measured using a described assay
(Gonzalez-King et al., 2017). HUVEC cells were counted and
seeded at 1.5 x 10* cells/well in a 96-well plate pre-coated with
50 L of growth factor-reduced Matrigel® (BD Bioscience). Cells
were incubated in a starvation medium to simulate the conditions
of the infarcted heart (DMEM no glucose, 1% FBS) for 6 h with
30 pg/mL of EVs from MSC-TERT cells or transfected with
20 nM miR4732-3p. Images were taken using a Leica DM600
microscope at 10 x magnification and were analyzed using the
online software Wimasis WimTube (WimTube: Tube Formation
Assay Image Analysis Solution. Release 4.0").

Matrigel Plug Angiogenesis Assay
Angiogenesis was assayed in vivo by measuring blood vessel
formation from subcutaneous tissue sprouted into a semi-
solid gel of basement membrane containing the test sample,
as described (Malinda, 2009). Growth factor-reduced Matrigel
(350 pL) was mixed in liquid form at 4°C with 50 pL of
EVs or 20 pg of encapsulated miRNA mimic (57 ng/pLL). The
Matrigel mix was injected subcutaneously into the flanks of
6-8-week-old athymic nude mice. After 14 days, mice were
sacrificed and the Matrigel plugs were excised and fixed in
4% formaldehyde in PBS. Plugs were embedded in paraffin,
sectioned, and immunostained with anti-CD31 antibodies and
examined for growth of blood vessels. As a positive control,
400 pL of Matrigel containing 100 ng/mL fibroblast growth
factor (FGF) and 20 U of heparin were injected, and as
a negative control 400 pwL of Matrigel containing saline
vehicle were injected.

Experimental Model of Myocardial

Infarction

Animals

Nude rats weighing 200-250 g (HIH-Foxnl rnu; Charles River
Laboratories Inc., Wilmington, MA, United States) were used
for infarction studies. The initial number of animals included
in the study was 70. Mortality in all groups due to surgical
procedures was ~30%.

Myocardial Infarction and Cell Transplantation
Permanent ligation of the left coronary artery and
intramyocardial transplantation was performed as described
(Cerrada et al.,, 2013). Briefly, immediately after permanent left
anterior descendent artery (LAD) ligation, rats were transplanted
intramyocardially (saline, 3.5 x 10'° EVs or 25 ug miR-4732-3p
mimic per animal) in two injections of 10 pwL, at two discrete
locations of the infarct border zone with a Hamilton syringe).

'https://www.wimasis.com/en/WimTube
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Functional Assessment by Echocardiography
Transthoracic echocardiography was performed in rats under
inhalatory anesthesia (Sevorane) using an echocardiographic
system (General Electrics, Milwaukee, WI, United States)
equipped with a 10-MHz linear-array transducer, as previously
reported (Gandia et al, 2008). Measurements were taken at
baseline and post-transplantation (4 weeks). M-Mode and two-
dimensional (2D) echocardiography was performed at the level
of the papillary muscles in the parasternal short axis view.
Functional parameters over five consecutive cardiac cycles were
calculated using standard methods (Litwin et al., 1994). Left
ventricular (LV) dimensions in end diastole (LVDd) and end
systole (LVDs), anterior and posterior wall (AW and PW)
thickness in diastole and systole, end-diastolic area (EDA) and
end-systolic area (ESA) were measured. Fractional area change
(FAC) was calculated as FAC = [(EDA-ESA)/EDA] x 100.
Fractional Shortening (FS) was calculated as FS = [(LVDd-
LVDs)/LVDd] x 100.

Measurements of Infarct Size

Left ventricle infarct size was measured in 8-12 transverse
sections of 7 pm (1 slice each 200 pm of tissue) from apex
to base in hearts fixed with 2% paraformaldehyde and stained
with Masson’s trichrome. The fibrotic zone was determined by
computer planimetry (Image-Pro Plus 7.1 software). Infarct size
was expressed as percentage of total left ventricular area and as a
mean of all slices from each heart.

Statistical Analysis

Data are represented as mean £ SD. Student’s t-test was used
for unpaired samples in the comparison between groups and the
Chi-Square test was used when contingency tables were analyzed.
When the distribution was not normal the Mann-Whitney U
test was used. Analyses were conducted with GraphPad Prism 8
software. Differences were considered statistically significant at
p < 0.05 with a 95% confidence interval.

RESULTS

Identification of miR-4732-3p in
Extracellular Vesicles

Extracellular vesicles are postulated to be effective for cardiac
repair (Zhao et al, 2015; Forsberg et al., 2020; Nazari-Shafti
et al., 2020). However, the complexity involved in producing
homogeneous populations in sufficient quantity hampers
their clinical use. To overcome this problem, we previously
immortalized dental pulp-derived primary MSC cultures by
overexpressing human telomerase enzyme (termed MSC-T)
using a lentiviral vector that provided resistance to hygromycin
and increased telomerase activity. MSC-T exhibit prolonged
lifespan and maintain cell division long after equivalent
unmodified MSCs reach replicative senescence (Gomez-Ferrer
etal., 2021). We harvested EVs from conditioned media of MSC-
T cells using ultracentrifugation as described (Gonzalez-King
et al., 2017). EVs from MSC-T were characterized by western
blotting, nanotracking analysis and electron microscopy. The

presence of the tetraspanin markers ALIX, HSP70, TSG101,
and CD9 confirmed the presence of EVs (Figure 1A). The
concentration and size of these vesicles was determined by
nanotracking analysis and revealed structures of 100-130 nm
(Figure 1B). This was confirmed by electron microscopy,
which revealed circular membranous structures of 100 nm
(Figure 1C), and further analysis of tetraspanins by immunogold
staining with anti-CD63 antibodies revealed the accumulation
of gold nanoparticles in vesicular structures (Figure 1D).
We next analyzed the EV cargo by RNA-seq analysis and we
examined for miRNAs that were regulated by hypoxia in parental
MSC-T. Among them, we identified miR-4732-3p (Figure 1E),
which was also found in cardiac cells at different intracellular
abundance. Analysis of absolute copy number of miR-4732-3p
per 0.5 x 10° seeded cells was 73.46 & 119.49 copies in NRCM
434.45 &+ 134.51 in human umbilical vein endothelial cells (EC)
and 595.02 £ 159.38 in rat cardiac fibroblasts (cFib). When
these cultures were independently subjected to oxygen/glucose
deprivation (OGD), the levels of intracellular miR-4732-3p were
measured by qPCR and normalized to miRNA levels in cells
cultured in standard conditions. These levels were significantly
upregulated in NRCM and EC but downregulated in cFib
(Figure 1F), indicating that this miRNA might play a specific
role in different cardiac populations.

miR-4732-3p Exerts Cardioprotective
Effects on Cardiomyocytes Subjected to

Oxygen and Glucose Deprivation

Extracellular vesicles are known to mediate cardioprotection
in therapeutic interventions designed to mitigate I/R cardiac
injury, and it is believed that EV miRNAs play a pivot
role in this process (Barile et al, 2017; Zhang et al.,, 2017;
Wu et al, 2020). To analyze the potential therapeutic effect
of miR-4732-3p, we first electroporated EVs with a miR-
4732-3p mimic to increase its concentration in EV particles
(Figure 2A). Of note, electroporation did not affect the
concentration or size of the EVs (Supplementary Figure 1)
and they remained suitable for functional studies although
the loss of miRNA cargo due to electroporation process is
unknown. As an alternative to electroporation, synthetic miR-
4732-3p was formulated into liposomes as a delivery system
before transfection. The anti-apoptotic effect of EVs, with or
without electroporated miRNA-4732-3p, and also miR-4732-3p
liposome complexes, was assessed in NRCMs cultured under
OGD conditions. We found that the number of apoptotic
NRCMs was significantly reduced to a similar degree by
the addition of native EVs or EVs previously electroporated
with the miR-4732-3p mimic. Interestingly, a similar level
of cardioprotection was achieved with liposomal miR-4732-3p
(Figure 2B). Of note the control electroporation of EVs with
saline reduced their anti-apoptosis action, likely due to the loss
of vesicle integrity. In the context of electroporation, EVs that
incorporated miRNA-4732-3p showed improved anti-apoptotic
effects over electroporated vesicles with no miRNA (EVsg,jine)
or scramble miRNA (not shown). The finding that transfected
miR-4732-3p could induce a similar reduction in apoptosis to
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FIGURE 1 | Characterization of EVs from immortalized dental pulp-derived MSC. (A) Representative western blot analysis of extracellular vesicle markers.

(B) Representative histogram of EV size analyzed with the NanoSight NS300 instrument (n = 3). (C) Representatives image of isolated EVs analyzed by electron
microscopy. (D) Representative image of EVs stained with immunogold anti-CD63 antibody and analyzed by electron microscopy. (E) Levels of miR-4732-3p in
MSCs and in EVs released from these cells (n = 3). (F) Levels of miR-4732-3p in neonatal rat cardiomyocytes (NRCM) (n = 3), human umbilical cord blood vein cells
(EC) (n = 4) and cardiac fibroblasts (cFib) (n = 4) in the presence or absence of oxygen glucose deprivation (OGD) (o < 0.05). Scale bar = 200 nm.
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addition of EVs underlines the potential role of this miRNA in
cardioprotective mechanisms.

miR-4732-3p Recapitulates the
Therapeutic Effects of EVs on OGD

Injured Cardiac Cells

Analysis of reactive oxygen species production and LDH activity
in NRCMs treated with either EVs or transfected with miR-4732-
3p mimic before OGD revealed similar levels of cardioprotection
(Figures 2C,D). While the amount of miR-472-3p delivered by
EVs is much lower than the transfected amount, it is likely

that other miRNAs in EVs play a role in the cardioprotection.
To analyze the global response of miR-4732-3p in comparison
with EVs, we tested the contractile profile of cardiomyocytes
during ischemia. When we added EVs to NRCM cultures
before the OGD episode, we observed that cells maintained
contraction capacity in comparison with untreated NRCMs
(Figure 2E). NRCMs transfected with miR-4732-3p also showed
an improvement in their contraction capacity but the effect
was not as pronounced (Figure 2E). To further explore this
mechanism, we analyzed the levels of connexin 43 and caspase
3 by western blotting. Results showed that whereas cleaved
caspase 3 was less abundant in NRCMs treated with EVs or

Frontiers in Cell and Developmental Biology | www.frontiersin.org

August 2021 | Volume 9 | Article 734143


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Sanchez-Sanchez et al. miR-4732 in EVs Mediates Cardioprotection

A miRNA levels in EVy732.3, B Anexin V c

Cell ROX

5x10 8- *k 1501 15004
4x108
3x%108

2x108+
1%10 8- 100+ il wrx

U.A.

5x105

4x105-
3x105-
21054

1x105

0- 0-

Ep -+ o+ é*csp & 5° BN H

Saline - o+ - Qﬁ*
miR-4732 4

50+

D LDH activity in NRCM E
2.5+

-~ OGD

- OGD+EVs

-+ OGD+miR-4732-3p

2.0

1.5

1.0

U
normalized bpm

@ R L 0 2
& Time (hours)

g

Connexin 43

F MW OGD 25 Cleavaged caspase 3 5
(kDa) 20 e
© 3
é 2 15
L A % A
«Q)/ 00 (5\9 _\Q}‘ & <pe )

5 *kk

35 AN e A Cosp 3 .
F O O
N 00 ,5’7\” n,'l«'”’Q.q:‘;
[\

17 — W cC.Casp3 P 2 &
. <& &
—— ' - e Conn 43 -

43
55 W= - Tub

FIGURE 2 | Effect of EVs and miR-4732-3p treatment in NRCM. (A) Quantification of miR-4732-3p levels in electroporated EVs (Ep = 3 pulses of 300V) with 40 nM
miRNA or saline in the electroporation buffer (n = 3, *p < 0.05, *p < 0.01). (B) Effect of EVs on NRCM treated with oxygen and glucose deprivation (OGD) for 6 h.
NRCM were treated with 30 pg/mL of EVs without electroporation (EVs), EVs electroporated with saline (EVs saline) or EVs electroporated with 20 nM miRNA
hsa-4732-3p (EVs4732-3p). In addition OGM-treated NRCM were transfected with miR-4732-3p in max suppressor reagent (see section “Materials and Methods”)
(miR-4732-3p) (n = 3, **p < 0.001). (C) Quantification of ROS by Cell Rox kit measured in cardiomyocytes under OGD and treated with 30 pg/mL of EVs
(EVs)transfected with 20 nM miR-4732-3p (miR-4732-3p) or 20 nM of miR-Negative control (miR-NC) (n = 3, *p < 0.05). (D) Relative quantification of lactate
dehydrogenase activity (LDHA) measured by the absorbance in cardiomyocytes after OGD (n = 3). (E) Relative quantification of the contraction capacity of the
cardiomyocytes in vitro during the OGD episode. (F) Representatives western blot images of cleavaged caspase 3 (C. Cas3) and connexin 43 (Conn 43) and o
tubulin (Tub) (0 = 3, *p < 0.05 and **p < 0.001).

miR-4732-3p suggesting a possible interaction of the miRNA  a greater upregulation of connexin 43, which could explain why
with this pathway. However, further experiments are needed to  EVs were more effective in preserving cell beating after cardiac
confirm this interaction like a Cas3 inhibition assay. EVs exerted  injury (Figure 2F).
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miRNA-4732-3p Modulates the Migration
Capacity of Fibroblasts

We next sought to analyze the response of cardiac fibroblasts
(cFib) to miR-4732-3p since these cells play an active role
in myocardial remodeling after injury. Among the putative
target genes of miR-4732-3p are FGFs, angiotensin II and
members of the TGFf family including TGFp, TGFPR1/3
and SMAD2/4* (not shown). To test the anti-fibrotic effect
of miR-4732-3p, we added EVs or the miR-4732-3p mimic
to fibroblasts treated with TGFP using a scratch assay.
Results confirmed that the migratory capacity was lower in
fibroblasts transfected with miRNA-4732-3p and treated with
TGFp than in control TGFp-treated fibroblasts. By contrast,
EV treatment failed to affect the pro-migratory activity of
TGFp (Figure 3).

Zhttp://www.targetscan.org/vert_72/

miRNA 4732-3p Reduces the Expression
of Myofibroblast Markers in Cardiac
Fibroblasts

A major consequence of ischemic damage is the formation of
a scar in the infarcted area derived from the differentiation
of fibroblasts to myofibroblasts (Shinde and Frangogiannis,
2014). After myocardial infarction, a cytokine storm induces
myofibroblast differentiation via angiotensin II and TGEFg,
among others (Frangogiannis, 2015), Myofibroblasts have a
greater contractile and invasion capacity and also a higher
production of extracellular matrix components; hence,
the excessive differentiation to myofibroblasts results in
scar formation with no contraction capacity. To evaluate
the effect of miR-4732-3p on myofibroblast induction, we
treated cardiac fibroblasts with 10 ng/mL TGFp to simulate
differentiation. Myofibroblast differentiation was characterized
by an increase in the expression of smooth muscle actin

CTRL

TGFB +EVs

TGFB +
miR-4732-3p

FIGURE 3 | Effect of EVs and miRNA 4732-3p on fibroblast migration. The percentage of closed area was calculated from the difference between the area at
baseline and after 24 h. Fibroblasts were cultured in standard culture condition (CTRL) or treated with 10 ng/mL of TGF alone or with 30 pg/mL of EVs
(TGFB + EVs) transfected with 20 nM of lipofectamine-miRNA 4732-3p complexes or 20 nM of miR-Negative Control. Images were captured on an inverted
microscope at 4 x magnification. The area of the scratch was measured using ImageJ (n = 6, **p < 0.01).
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(a-SMA) and increased production of extracellular matrix
proteins like collagen IA (col I-al) (Figure 4). Although
both EVs and transfection of miR-4732-3p led to a reduction
in a-SMA expression, only miR-4732-3p treatment reduced
collagen production. Taken together, the results suggest that
miR-4732-3p inhibits myofibroblast differentiation and the
production of extracellular matrix, which might control fibrosis
in the ischemic area.

miR-4732-3p Has Angiogenic Effects in
Endothelial Cells in vitro and in vivo

We tested the capacity of miR-4732-3p to induce the formation
of new vasculature in vitro. We did not use OGD treatment
since in those conditions tube formation was drastically
impaired. Instead, HUVEC were seeded in DMEM without
glucose and glutamine (Thermo Fisher Scientific) in growth
factor-reduced Matrigel (GD condition). Results showed a
significant increase in the formation of tubular structures from
HUVEC transfected with the miR-4732-3p compared with
untreated cells (Figure 5A). Contrastingly, cells treated with
EVs showed no significant increase in vascular structures at

the doses analyzed. We next sought to test the angiogenic
potential of miR-4732-3p in vivo. Nude mice were injected
subcutaneously with a Matrigel plug containing either
saline, FGF (as a positive control), EVs or miR-4732-3p
(Figure 5B). Plugs were removed 15 days later and were
embedded in paraffin for histological analysis (Figure 5C).
Individual pugs are shown in Supplementary Figure 2.
Quantification of angiogenesis was performed by measuring
plug-infiltrating vessels using anti-CD31 staining. The results
showed a potent angiogenic effect in mice treated with
miR-4732-3p in comparison to EVs and control conditions
(Figures 5D,E). Overall, these findings indicate that miR-
4732-3p induces angiogenesis both under stress and in
physiological conditions.

miRNA-4732-3p Improves Cardiac
Function and Reduces Infarct Size
The ability of EVs derived from MSC isolated from different
origins has been extensively reported and in most cases
therapeutic effects have been attributed to miRNA cargo
components (Wang et al., 2017; Luther et al,, 2018; Zhu et al,
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FIGURE 4 | Effect of EVs and miRNA 4732-3p on the expression of the myofibroblast markers a-smooth muscle actin (a-SMA) and collagen 1 a (Col1). Fibroblasts
were cultured in standard culture condition (CTRL) or treated with 10 ng/mL TGFB (TGFB),with or without 30 pwg/mL of EVs (TGFB + EVs), 20 nM of
lipofectamine-miR 4732-3p complexes or 20 nM of miR-Negative Control. Images were taken with a fluorescence microscope and the fluorescence was quantified
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FIGURE 5 | Effect of EVs and miRNA 4732-3p on angiogenesis. (A) Representative images and quantification of the tubular structures in endothelial cells in
standard culture condition (CTRL) in glucose deprivation (GD), with or without 30 wg/mL of EVS(EVs), 20 nM lipofectamine-miRNA-4732-3p complexes
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plug assay in nude mice to measure angiogenesis. Mice were divided into four groups. Matrigel was mixed with saline, 100 ng/mL FGF and 20 U heparin (FGF),

20 pg of negative control MIRNA (miR-NC) or 20 pg of miR-4732-3p in Maxsuppressor reagent (miR-4732-3p). Mice were sacrificed 15 days after Matrigel injection.
(C) Representatives images of extracted plugs (scale-bar = 0.5 cm). (D) Representative images of CD31-positive staining in the plugs by immunohistochemistry.
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2018; Mao et al., 2019; Huang et al., 2020; Peng et al., 2020;
Xu et al., 2020).

We tested whether the administration of miR-4732-3p
could recapitulate this effect by encapsulating it in liposomes
before intramyocardial implantation shortly after permanent
LAD ligation in nude rats. Results were compared to saline
intramyocardial injections. Four weeks after transplantation,
cardiac function parameters were measured to assess the degree

of functional recovery. The miR-4732-3p group displayed
a significant recovery of systolic function as calculated by
the percentage of fractional shortening (FS) and fractional
area change (FAC) (Figure 6A). Treatment with miR-4732-
3p also significantly reduced the area of fibrous scar tissue
(Figure 6B). These in vivo data support the hypothesis
that miR-4732-3p can induce cardioprotection against
cardiac ischemia.
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FIGURE 6 | Effect of EVs and miRNA 4732-3p in infarcted nude rats (A) improvement of LV function in miR-4732-3p-treated animals. Representative
echocardiographic images of M-mode and two-dimensional systolic frame showing differences in wall motion in one animal from saline (n = 6), and miR-4732-3p

(n = 8) groups. Quantified values of fractional shortening (FS) area fractional change (FAC) are given. Data are expressed as mean + SEM (*p < 0.05 in both panels).
(B) Fibrotic area (blue color) in the LV was calculated from Masson’s Trichrome stained sections. Animals were euthanized 4 weeks post-transplantation. Values are

DISCUSSION

The lack of effective regenerative therapies in the treatment
of ischemia-related diseases compels the development of new
approaches to improve clinical outcomes. Recently, the field of
cardiovascular therapies have moved to cell-free-based therapies
using EVs derived from MSC. There is evidence to suggest
that MSC-EVs isolated from different tissues are able to
promote myocardial repair through protection of ischemic
cardiomyocytes and preservation of cardiac function (Teng
et al, 2015; Chen et al., 2020; Mathew et al., 2020; Takov
et al, 2020). These biological products are cardioprotective
in preclinical models of myocardial infarction, and increasing

evidence indicates that miRNAs are the main cargo components
responsible for the therapeutic potential of EVs. Nonetheless,
the heterogeneous composition of EVs is a major hurdle
for their clinical use, and simpler biological products would
be desirable to induce tissue repair. Another concern for
the use of MSC-derived EVs in the clinical context is the
potential involvement of deleterious processes mediated by
specific miRNAs. For example, miR-130b-3p in MSC-derived
EVs has been shown to promote lung cancer cell proliferation,
migration and invasion (Guo et al, 2021) and exacerbates
I/R injury after adoptive transfer in diabetic mice (Gan et al.,
2020). With the aim of identifying miRNAs responsible (at
least in part) for the beneficial effects attributed to EVs, we
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analyzed miRNA content in MSC derived EVs and investigated
a miRNA with cardioprotective features when transplanted as a
single molecule.

We provide evidence that miR-4732-3p is contained in
EVs released from dental pulp-derived MSC (Figure 1E). We
transfected miR-4732-3p in vitro and in vivo in liposomes
that allowed delivery into cells and tissues and compared its
therapeutic effect with that of MSC-EVs. EVs have been shown to
reduce oxidative stress and apoptosis and to induce angiogenesis
and cardioprotection against I/R injury mediated by specific
miRNAs (Arslan et al., 2013; Zhao et al., 2019; Chen et al., 2020;
Wen et al., 2020) and so we focused on those mechanisms in
this study. We show that miR-4732-3p: (i) reduces apoptosis,
ROS levels and LDH activity in NRCMs after OGD; (ii) prevents
fibroblast migration and myofibroblast differentiation; (iii)
induces angiogenesis both in vitro and in vivo; and (iv) confers
cardioprotection when injected intramyocardially in infarcted
nude rats as measured by functional and morphometric studies.

miR-4732-3p is also present in cardiac cells where it is
modulated by oxygen in a cell-specific manner. Hypoxia
upregulates miR-4732-3p in NRCM and EC, which is in
accordance with the cardioprotective responses induced by miR-
4732-3p in these cell populations after transfection. However,
a decrease in oxygen levels induces downregulation of miR-
4732-3p in cFib. Accordingly, transfection of TGF-B-treated
cFib with miR-4732-3p reduced their migration capacity and
differentiation into myofibroblasts. Interestingly, miR-4732-3p
targets the SMAD2 and SMAD4 components of TGF-f pathway
(Doss et al., 2015), and so the hypoxia-induced downregulation
of miR-4732-3p in response to OGD might translate to an
upregulation of the TGF-$ pathway, leading to cFib proliferation
and myofibroblast differentiation.

Although the doses are not comparable, the paracrine effects
observed after miR-4732-3p transfection were more robust than
those exerted by EVs. In this context, miRNA therapy offers the
advantage of a homogeneous content versus the heterogeneous
content of vesicles, which would simplify scale-up of biological
products. EVs electroporated in saline solution with no added
miRNA did not offer cardioprotection of cultured cells, indicating
the importance of the EV cargo. Our data do not dismiss the
possibility that other miRNAs, metabolites or proteins from
EVs could also induce strong cardioprotective effects but, as
mentioned, the complexity of EV cargo together with intra-
donor variability limits their exploitation in a clinical scenario.
In vivo transfer of single miRNAs would overcome this problem.
In this context, other studies have reported therapeutic effects
of individual miRNAs present in EVs from MSC and other
adult progenitor cells. As an example, a combination of miR-1,
miR-133, miR-208, and miR-499 induced cardiac reprogramming
in the infarcted heart and improved cardiac function in mice
subjected to cardiac injury by permanent LAD artery ligation
(Jayawardena et al., 2014), and adoptive transfer of miR-
181b mimic recapitulated cardioprotection induced by exosomes
derived from cardiosphere-derived cells (CDCs) in a rat model of
MI (De Couto et al., 2017).

Because hypoxia preconditioning promotes the release of
vesicles with enhanced therapeutic potential (Bister et al., 2020),

we were interested in those miRNA present in EVs and
modulated by hypoxia (unpublished results). miR-4732-3p is
regulated by hypoxia in MSC, CM, EC, and cFib. We do not
know if this miRNA is directly regulated by Hypoxia Inducible
Factor 1 subunit a; however, HIF-1a inhibitor (HIF1AN) is a
putative target gene of this miRNA, as assessesed by Targetscan’,
Diana tools*, and miRDB°. miR-4732-3p upregulation by
hypoxia could presumably downregulate HIF1AN, leading to
stabilization of HIF-1a, as has been reported for other miRNAs
including miR-335, which also confers cardioprotective effects
(Wu et al., 2018).

The present study has some limitations. First, the therapeutic
contribution of miR-4732-3p in comparison with other miRNAs
present in EVs is unknown. The absolute copy number of this
miRNA is relatively low in MSC-derived EVs so it is plausible
that other miRNAs with higher abundance like miR-21a-5p
(Luther et al., 2018), miR-26a (Park et al., 2018), miR-181a
(Zilun et al., 2019), miR-210 (Wang et al., 2017), or miR-486-
5p (Li et al., 2021) have a greater contribution (Nazari-Shafti
et al.,, 2020). Second, no target genes have been validated for
miR-4732-3p, but this molecule has been described as a key
modulator of TGFf signaling pathway in human erythropoiesis
(Doss et al., 2015). The results presented here point in the
same direction and indicate that the TGFP pathway has a
major contribution. Third, we did not perform loss-of-function
experiments to analyze the effect of miR-4732-3p inhibition on
myocardial repair. We previously observed low levels of miR-
4732-3p in the serum of patients that experienced cardiotoxicity
after doxorubicin challenge (Hervés et al., 2018). In addition to
TGEFB, bioinformatic analysis identified components of Wnt/f-
catenin pathways among the putative target genes of miR-4732-
3p, supporting the idea that this molecule is cardioprotective
and could be involved in cardiac turnover in the adult heart.
In this context, in a study of monozygotic twins discordant
for congenital heart disease, miR-4732-3p was among the most
upregulated miRNAs in those with congenital heart disease,
further linking this molecule to heart developmental processes
(Abu-Halima et al., 2019).

In conclusion, and in agreement with previous reports, EVs
derived from MSC have cardioprotective mechanisms in cardiac
cells. We found that miR-4732-3p is present in EVs from
MSC and can trigger angiogenic and cardioprotective responses
compatible with the effect of EV therapy. When transplanted in
murine models of angiogenesis and myocardial infarction, miR-
4732-3p induced blood vessel formation, reduced scar formation
and prevented cardiac function deterioration indicating that a
single miR can recapitulate the therapeutic effects of EVs. These
results support the potential paracrine actions of miR-4732-3p,
but the mechanism by which this molecule operates in different
cardiac cell populations requires further investigation. Additional
experiments to identify 3’-untranslated regions in putative miR-
4732-3p target genes are needed as a next step to identify the
specific molecular pathways modulated by this miRNA.

Shttp://targetscan.org
*http://diana.imis.athena-innovation.gr
*http://mirdb.org
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