
Original Article
Intercellular transfer of miR-200c-3p
impairs the angiogenic capacity
of cardiac endothelial cells
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Asmediators of intercellular communication, extracellular ves-
icles containing molecular cargo, such as microRNAs, are
secreted by cells and taken up by recipient cells to influence
their cellular phenotype and function. Here we report that car-
diac stress-induced differential microRNA content, with miR-
200c-3p being one of the most enriched, in cardiomyocyte-
derived extracellular vesicles mediates functional cross-talk
with endothelial cells. Silencing of miR-200c-3p in mice sub-
jected to chronic increased cardiac pressure overload resulted
in attenuated hypertrophy, smaller fibrotic areas, higher capil-
lary density, and preserved cardiac ejection fraction. We were
able to maximally rescue microvascular and cardiac function
with very low doses of antagomir, which specifically silences
miR-200c-3p expression in non-myocyte cells. Our results
reveal vesicle transfer of miR-200c-3p from cardiomyocytes
to cardiac endothelial cells, underlining the importance of car-
diac intercellular communication in the pathophysiology of
heart failure.

INTRODUCTION
During postnatal development or physiological hypertrophy, the
myocardium increases in size along with a matching response of
the coronary vasculature, with consequent capillary growth, allowing
a sufficient supply of oxygen and nutrients to reach the growing or-
gan.1–3 On the contrary, in pathological cardiac hypertrophy, there
is inadequate microvasculature growth that leads to hypoxia, cell
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death, autophagy, and fibrosis.4 Disparity between growth of cardio-
myocytes (CMs) and capillaries is an essential factor in progression
from hypertrophy to heart failure (HF).5,6 HF is one of the leading
causes of mortality and morbidity worldwide, and, despite the
different etiologies, the myocardium response is similar, with major
changes at the molecular, cellular, and biochemical levels.7

The heart is a multicellular organ, and cell-cell communication is
fundamental to maintain organ homeostasis and integrity and in
response to injury. Short-range cellular communication is often not
sufficient for the cell to adequately react to external stimuli. In the
past years, extracellular vesicles (EVs) have been implicated as impor-
tant players in the cross-talk between cardiac cells,8 carrying biolog-
ical information and delivering cargos in a more or less targeted
manner and, thus, modulating the response of recipient cells.9 EVs
are membranous vesicles secreted into the extracellular space and
can transport lipids, small proteins, messenger RNA (mRNA), and
microRNA (miRNA). miRNAs are a class of endogenous, small
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(�22 nt), single-stranded and highly conserved noncoding RNAs that
exert their function by suppressing gene expression at the post-tran-
scriptional level. Several miRNAs have been found to affect molecular
mechanisms leading to pathological cardiac remodeling10 and HF,
making these non-coding RNAs strong effective targets for cardiovas-
cular disease treatment. Some miRNAs are not randomly sorted/
loaded into vesicles, such as exosomes, but are selectively exported
based on specific sequences that can change under specific patho-
physiological conditions.11 After delivery, miRNAs derived from
EVs can exert functional roles in recipient cells by modulating gene
expression and, thus, influencing their phenotype. Here we show
that, by perturbing the transfer of the anti-angiogenic miR-200c-3p
from CMs to epithelial cells (ECs) under stress conditions, we can
rescue microvascular and cardiac function. These results underlie
the importance of cardiac intercellular communication in the
response of the heart to chronic stress.

RESULTS
miR-200c-3p is enriched in hypertrophic CM-derived EVs

The a- and b-adrenoreceptor agonists phenylephrine (PE) and isopro-
terenol (Iso), respectively, were used to induce cellular hypertrophic
growth phenotype in primary neonatal rat CMs (NRCMs).12,13 After
48 h of stimulation, the cell culture supernatant was collected and
used for isolation of EVs using an ultracentrifugation protocol adapted
from Halkein et al.,14 followed by morphological EV characterization
(Figure 1A). Assessment of the morphological characteristics of EVs
isolated from untreated as well as PE-Iso-treated CMs revealed a
cup-shaped structure observed by transmission electron microscopy
(TEM) (Figure 1B) and an average diameter between 100 and
200 nm, as confirmed by nanoparticle tracking analysis (NTA)
and in accordance with small EVs, as reported in previous studies
(Figure 1C).15,16 Treatment of CMs with GW4869, a neutral sphingo-
myelinase antagonist and established inhibitor of EV biogenesis/
release,17,18 inhibited EV release in comparison with untreated or
PE-Iso-treated CMs (Figure 1C). By using flow cytometry as a second
method of characterization, we were able to confirm expression of the
tetraspanin CD63, an established ubiquitous EV marker15,16 (Fig-
ure 1D). To ensure that our preparations were enriched in small
EVs, we performed western blot analyses to detect common EV
markers and potential contaminants. Our results showed that the iso-
lated EVs expressed the markers CD81, Alix, Hsp70, and GAPDH,
whereas calnexin and ApoA-1, markers of cytoplasmic proteins and
high-density lipoproteins, respectively, were absent (Figure 1E).
Hence, we could confirm isolation of a purified EV population from
the supernatant of cultured control or PE-Iso-treated CMs.

EVs released by donor cells will exert key functions in recipient cells
by transferring their cargos, depending on the status of the EV-pro-
ducing (donor) cell. Interestingly, this bioactive cargo is enriched in
miRNAs, ubiquitous regulators of physiological and pathophysiolog-
ical processes. To determine the miRNA content of CM-derived EVs,
we performed a qRT-PCR-based array and, compared with CMs un-
der resting conditions (serum free [SF]), we identified more than 200
miRNAs differentially expressed in EVs derived from hypertrophic
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CMs (Table S1). Among those, miR-200c-3p was the most signifi-
cantly enriched miRNA (5-fold change; Figure 1F). To ascertain
that the results from our array are not influenced by the presence
of protein-associated extracellular miRNAs and validate the presence
of the identified miRNAs in the isolated EVs, RNase A digestion with
or without Triton X-100 was performed before validating the array re-
sults in a larger number of samples. Our results showed profiles
similar to the ones observed with our initial EV preparations (Table
S2), with miR-200c-3p remaining highly enriched in EVs from hyper-
trophic CMs (Figure 1G), indicating that the identified miRNAs are
encased within EVs.

miR-200c-3p is located in an intronic region of a long non-coding
RNA (lncRNA; MIR200CHG-201) in human chromosome 12
(mouse chromosome 6), clustered together with miR-141, and it is
highly conserved among species (Figure S1B). In the myocardium,
miR-200c-3p is expressed at very low levels and mostly in non-CM
cells. Cardiac stress induced by increased pressure overload resulted
in increased levels of miR-200c-3p with specific upregulation in
non-CM cells, including ECs and other cell types (Figure 1H).

IncreasedmiR-200c-3p expression levels impair endothelial cell

function

Next we investigated the intercellular uptake of CM-derived EVs by
ECs and their functional effect on ECs. NRCMs treated with the hy-
pertrophic stimuli PE and Iso or left untreated were seeded on a
porous membrane to allow passage of EVs toward the lower compart-
ment, in which human umbilical vein endothelial cells (HUVECs)
were cultured (Figure 2A). To delve into the biological role of EV up-
take by ECs, we performed endothelial functional assays on HUVECs
after 72 h of co-culture with CMs. A clear decrease in the capacity of
ECs to migrate (Figure 2B) and form vascular networks was observed
when ECs were co-cultured with PE-Iso-treated CMs (Figures 2C and
2D). Treatment of hypertrophic NRCMs with GW4869 prior to co-
culture with ECs restored the capacity of ECs to migrate and form
tubes to control levels (Figures 2B–2D). To determine whether the
observed effects on the endothelium could be driven by CM-derived
miR-200c-3p, we transfected NRCMs with a specific precursor mole-
cule (pre-200c) to increase its expression. Although we could overex-
press the miRNA in CMs, the levels of overexpression were increased
when we also treated the cells with GW4869, suggesting that miR-
200c-3p could no longer be secreted through EVs but, instead,
accumulated in CMs (Figure 2E). Overexpression in CMs resulted
in upregulation of miR-200c-3p in ECs in the lower compartment
(Figure 2F), which, in turn, impaired endothelial function, as reflected
by a lower EC capacity tomigrate (Figure 2G) and form tubes (Figures
2H and 2I). Treatment of NRCMs with GW4869 prior to co-culture
confirmed that EVs mediate the transfer of miR-200c-3p between the
two cell types because inhibition of their formation did not impair EC
function, as revealed by increased endothelial angiogenic capacity
(Figures 2G–2I).

CMs are also known to contribute to the inflammatory response by
secreting cytokines such as interleukin-6 (IL-6) and tumor necrosis
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Figure 1. miR-200c-3p is abundant in EVs derived from CMs under stress conditions

(A) Experimental setup of EV isolation from untreated and PE-Iso-treated CMs. (B) Representative electron microscopy images of EVs derived from the supernatant of

cultured untreated or PE-Iso-treated CMs. (C) Analysis of EV size and concentration performed by NTA. (D) Dot plot of forward scatter (FS) versus CD63 or IgG1, showing a

clear population of CD63 events for untreated or PE-Iso-treated CMs. (E) Western blot analysis for characterization of EVs derived from untreated or PE-Iso-treated CMs after

additional purification steps. Expression levels of EV markers such as Alix, Hsp70, and CD81 as well as of the potential contaminants calnexin and ApoA-1 were assessed.

(F) Profile of the miRNA content of EVs derived from PE-Iso-stimulated CMs. Light blue bars represent the most enriched and dark blue bars the most depleted miRNAs.

(G) Real-time PCR validation of results obtained in (D) for miR-200c-3p after RNase treatment with or without Triton X-100. *p < 0.05 versus untreated CMs, #p < 0.05 versus

untreated and RNase-treated EVs. (H) Real-time PCR assessment of miR-200c-3p expression in different cardiac cell types under sham and TAC conditions. *p < 0.05

versus the corresponding sham group (error bars indicate SEM), #p < 0.05 versus CMs.
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factor alpha (TNF-a)19 and to angiogenesis by releasing vascular
endothelial growth factor (VEGF).20,21 To rule out a contribution of
such CM-derived factors to the endothelial phenotypes observed by
us, we determined the effect of purified EVs derived from untreated
or PE-Iso-treated CMs (Figure 2J). As expected, hypertrophic CM-
derived EVs significantly inhibited EC migration and tube formation
(Figures 2K–2M).

Because CD45+ cells in the heart also express considerable amounts of
miR-200c-3p, we performed functional assays where we co-cultured
ECs with macrophage-like cells (MPs) to determine whether there
was an effect on EC function (Figures S2A–S2C). Co-culture resulted
in increased ECmigration and tube formation (Figures S2B and S2C),
suggesting stimulation of endothelial angiogenic capacity by CD45+

cells despite no increase in miR-200c-3p expression on ECs after
co-culture with MPs (Figure S2D). To determine whether the pro-
angiogenic effect observed was associated with EV release, we added
conditioned medium derived from MPs that were left untreated or
treated with GW4869 or transfected with a control scrambled anti-
miRNA, an anti-miRNA-200c, to ECs (Figure S2E). We observed
that treatment of MPs with GW4869 did not result in decreased EC
migration or tube formation capacity, and neither did inhibition of
Molecular Therapy Vol. 30 No 6 June 2022 2259
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Figure 2. Increased miR-200c-3p expression impairs endothelial cell function

(A) Setup of the Transwell co-culture system. CMswere treated with PE-Iso or a precursor molecule formiR-200c-3p (pre-200c) in the absence or presence of GW4869 (GW)

before being added to the upper compartment and co-cultured with HUVECs in the lower compartment. (B) Assessment of migration by quantification of wound closure

within 24 h on HUVECs after 72 h in co-culture with untreated or PE-Iso-treated CMs and in the absence or presence of GW. (C) Representative images of tube formation

assay on HUVECs under the same conditions as in (B). Color code: green for branches, yellow for master segments, light blue for meshes, red for nodes, pink for segments,

and dark blue for junctions. (D) Quantification of relative tube length based on images in (C). (A–D) *p < 0.05 versus the control group, #p < 0.05 versus the PE-Iso group.

(E and F) Real-time PCR analysis ofmiR-200c-3p expression in (E) CMs and (F) ECs after 72 h of co-culture in the presence or absence of GW. (G) Assessment of migration by

quantification of wound closure within 24 h of HUVECs after 72 h in co-culture with CMs transfected with pre-200c or precursor control (scr). (H) Representative images of the

tube formation assay on HUVECs under the same conditions as in (G). (I) Quantification of relative tube length based on images in (H). (E–I) *p < 0.05 versus the scrambled

group, #p < 0.05 versus precursor-200c. (J) Experimental setup for adding purified EVs from untreated or PE-Iso-treated CMs directly to HUVEC cultures. (K) Assessment of

migration by quantification of wound closure within 24 h of HUVECs after 48 h in culture with purified EVs from untreated or PE-Iso-treated CMs. (L) Representative images of

the tube formation assay on HUVECs under the same conditions as in (K). (M) Quantification of relative tube length based on images in (L). (K–M) *p < 0.05 versus the control

(legend continued on next page)
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miR-200c-3p on MPs (Figures S2F and S2G). Although treatment of
MPs with GW4869 (GW) or control antimir did not change the base-
line expression levels of miR-200c-3p in MPs, the levels of this
miRNAwere significantly reduced after transfection with an inhibitor
of miR-200c-3p (Figure S2H). These results demonstrate that incuba-
tion of ECs with different conditioned media did not result in signif-
icant changes in miR-200c-3p expression on ECs, suggesting that the
pro-angiogenic effect of MPs was not mediated by EVs or by miR-
200c-3p (Figure S2I).

Because the content of CM-derived EVs is not restricted to this spe-
cific miRNA, we determined the direct effect of overexpressing only
miR-200c-3p on EC function. Transfection of HUVECs with a specific
miR-200c-3p precursor molecule (Figure 2N) significantly impaired
endothelial angiogenic capacity by inhibiting EC migration capacity
(Figure 2O) and by diminishing the ability to form a vascular network
(Figures 2P and 2Q) and proliferate (Figure 2R).We demonstrate that
impaired endothelial angiogenic capacity is induced by uptake of EVs
derived from NRCMs and that their biological effect is mediated in
part by transfer of miR-200c-3p.

Inhibition of miR-200c-3p in specific cardiac cell types

To explore the possibility of silencingmiR-200c-3p in specific cardiac
cell types with an antagomir, we used a CY3-labeled antisense oligo-
nucleotide specifically targeting miR-200c-3p at two different doses:
5 mg/kg BW (body weight; low dose) to preferentially target non-my-
ocyte cell types22 such as ECs, and 80 mg/kg BW (high dose) to target
myocytes and non-myocyte cell populations in the myocardium (Fig-
ure 3A). The low dose was administered intraperitoneally on 3
consecutive days to assure maximal uptake by the first cells encoun-
tering the antagomir, whereas the high dose was administrated as a
single intraperitoneal injection to achieve broader cellular uptake.
The difference in regimens relates to the fact that, with one single in-
jection of the low dose, we were not able to detect sufficient amounts
of antagomir-positive cells for quantification, whereas in a previous
study, we showed that one single injection of antagomir at the high
dose was sufficient to inhibit a miRNA 7 days after administration.23

Isolation of different cell populations 1 week after delivery of the an-
tagomirs by a Langendorff-free method,24 followed by separation of
the main cardiac cell populations through fluorescence-activated
cell sorting (FACS), revealed that low-dose CY3-labeled antagomir
reached �15% of the total cardiac cell populations, whereas
the high dose reached 80% or more of all cardiac cells (Figure 3B).
We subsequently analyzed the antagomir distribution throughout
the different cell populations in more detail. With the low dose,
we found the antagomir mostly in ECs (CD31+CD45�), CD45+

hematopoietic cells, and, to a much lesser extent, fibroblasts
(CD31�CD45�CD140a+) and CMs (gated by morphology) (Fig-
ure 3C). With the high dose, 80% or more of hematopoietic cells
group. (N) Experimental setup for direct transfection of HUVECs with pre-200c or scr. (O

scr. (P) Representative images of the tube formation assay on HUVECs after transfectio

tube formation based on images in (P). (R) Quantification of EdU-positive cells as a reado

scrambled group. Error bars indicate SEM.
and ECs and 50% or more of CMs and fibroblasts were targeted (Fig-
ure 3D), indicating that, at the high dose, the antagomir reached all
cell types rather than only hematopoietic cells and ECs. Confocal
microscopy confirmed localization of the CY3-labeled antagomir
mostly on ECs with the lower dose and more ubiquitous localization
with the high dose (Figure 3E). These findings demonstrate the ability
of antagomirs to target different cell populations in vivo in a dose-
dependent manner.

Suppression of miR-200c-3p under cardiac stress promotes

angiogenesis and improves cardiac function

To address the contribution of miR-200c-3p to cardiac remodeling
induced by increased cardiac pressure overload, we subjected wild-
type mice to sham or transverse aortic constriction (TAC) surgery,
followed by treatment with antagomir against miR-200c-3p for 3
consecutive days at 5mg/kg BWor 80mg/kg BW, and assessed cardiac
geometry and function 4 weeks after surgery (Figure 4A). Although
cardiac miR-200c-3p expression levels in mice treated with 5 mg/kg
BW was reduced by 70%, its expression was entirely abrogated with
the high dose under sham and TAC conditions (Figure 4B). Curiously,
mice that underwent TAC surgery displayed lower basal levels ofmiR-
200c-3p (Figure 4B), which suggests that, under stress conditions, CMs,
which compose most of the heart volume,25 could release this specific
miRNA into the extracellular space through enriched vesicles.

Wild-type mice subjected to TAC surgery and left untreated showed
severe adverse cardiac remodeling at 4 weeks, as reflected by increased
heart weight, interstitial fibrosis, severe myocyte disarray, left ventric-
ular (LV) dilation, systolic and diastolic dysfunction, and a decreased
number of capillaries, with subsequent lower expression of CD31 as a
result of capillary rarefaction (Figures 4C–4J; Table 1). Depletion of
miR-200c-3p resulted in normalized heart size and morphology
with subsequent improved cardiac function, as reflected by reduced
LV dimensions and increased ejection fraction (EF) (Figures 4C–4E
and 4J; Table 1). Although there was an increase in CD45 expression
levels in myocardial tissue 4 weeks after TAC, these levels were
reduced to control levels upon antagomir treatment, suggesting atten-
uation of the inflammatory response (Figure S2G). Remarkably, no
differences in phenotypes and cardiac function were observed be-
tween mice that received the low or high dose of antagomir. In fact,
the number of cardiac capillaries was increased in TAC mice already
at a low dose of antagomir (Figures 4D and 4G–4I), suggesting that
the biological role of miR-200c-3p is mainly exerted in non-CM cells.

miR-200c-3p is a negative regulator of cell communication

To explore the molecular mechanism underlying the anti-angiogenic
effects of miR-200c-3p, we performed RNA sequencing to assess the
transcriptomic changes in ECs after overexpression of this miRNA.
Data analysis revealed 194 genes differentially regulated after
) Quantification of the wound closure rate of HUVECs transfected with pre-200c or

n with pre-200c or scr. (Q) Quantification of the number of junctions as a measure of

ut of cell proliferation under the same conditions as in (P). (O–R) *p < 0.05 versus the
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Figure 3. Different doses of antagomir for miR-200c-3p can target specific cardiac cell types

(A) Study design. Wild-type (WT) mice were injected with Cy3-labeled antagomir-200c-3p on 3 consecutive days with 5 mg/kg BW (red arrows) or once with 80 mg/kg BW

(blue arrow). After 1 week, hearts were harvested for cardiac tissue and cell isolation. (B) Percentage of Cy3 labeling in isolated cardiac cell analysis. (C and D) Percentage of

cells positive for Cy3 in different cardiac cell populations after administration of a (C) low or (D) high dose of antagomir. (E) Representative images of heart sections from

untreated or antagomir-treated mice: staining of cell nuclei with Hoechst (first column), detection of Cy3-labeled antagomir (second column), detection of CMs with a-actinin

antibody (third column), Isolectin B4 for endothelial cell detection (fourth column), and a merge of all different staining (fifth column). *p < 0.05 versus CMs (error bars indicate

SEM).
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miR-200c-3p overexpression, of which 80 were downregulated (at 1.0
reads per kilobase of exon model per million mapped reads [RPKM]
cutoff and 1.3-fold-change cutoff) (Figure 5A; Table S2). Based on
these results, we performed a protein-protein interaction (PPI)
network and GO analysis, which revealed enrichment in genes
involved in regulation of cellular component movement, such as
BMP4 (bone morphogenetic protein 4), SMAD7 (SMAD family
member 7), MET (MET proto-oncogene, receptor tyrosine kinase),
and NEDD4L (neural precursor cell expressed, developmentally
down-regulated 4-like, E3 ubiquitin protein ligase); in cell communi-
cation, such as VAMP7 (vesicle-associated membrane protein 7),
TRIB2 (Tribbles pseudokinase 2), LRRK2 (leucine-rich repeat kinase
2), and TLR4 (Toll-like receptor 4); and in cell migration, such as
CXCL2 (C-X-C motif chemokine ligand 2), CXCL1, HMOX2
(heme oxygenase 2), and BCL2 (BCL2 apoptosis regulator) (Fig-
ure 5B). Next, we performed a bioinformatics prediction of the
miR-200c-3p seed sequence interaction with the 30 UTR of the down-
regulated genes (Figures S1B and S3A) revealed by RNA sequencing
2262 Molecular Therapy Vol. 30 No 6 June 2022
and validated the transcript levels of IL-8 (CXCL8), KDELC1 (protein
O-glucosyltransferase 2), CFL2 (Cofilin 2), and NDN (Necdin; a
MAGE family member) in HUVECs transfected with precursor mol-
ecules for miR-200c-3p (Figure 5C). To address whether any of these
potential target genes ofmiR-200c-3p could make a prominent contri-
bution to the angiogenic properties of ECs, we performed high-
throughput screening to determine the proliferative capacity of ECs
after transfection with a library consisting of individually selected spe-
cific siRNAs against the 31 most downregulated genes upon mir-
200c-3p overexpression (Figure 5D; Table S3). Using this approach,
CFL2, KDELC1, CXCL8, RECK (reversion-inducing cysteine-rich
protein with Kazal motifs), and NDN were experimentally validated
as inhibitors of EC proliferation (Figure 5E). To determine whether
expression of these genes was also affected in MPs upon increased
expression of miR-200c-3p, we transfected MPs with precursor mol-
ecules for miR-200c-3p and showed that only CFL2 and KDELC1
were inhibited in MPs (Figure S3B), suggesting different regulatory
mechanisms triggered by this miRNA in different types of cells.
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Figure 4. Suppression of miR-200c-3p stimulates angiogenesis and improves cardiac function in pressure-overloaded hearts

(A) Study design. WTmice were subjected to TAC or sham surgery and subsequently injected with a high or low dose of antagomir-200c-3p for 3 consecutive days. Cardiac

geometry and function were determined by echocardiography 4 weeks after surgery. (B) Real-time PCR analysis ofmiR-200c-3p expression in animals subjected to TAC or

sham surgery and left untreated or treated with low/high doses of antagomir. *p < 0.05 versus the respective control group. (C) Gravimetric analysis of corrected heart weights

in sham and TAC animals treated with antagomir-200c-3p. (D) Representative images of whole hearts (top panel), Sirius red-stained sections (second panel), andGSI-stained

sections (third panel) from sham and TAC animals treated with antagomir-200c-3p. (E) Quantification of the CM surface area in heart sections from (G) by wheat germ

agglutinin (WGA) staining; n = 3 (60 microscopic fields for each animal/condition). (F) Quantification of the fibrotic area in hearts from conditions in (D) by Sirius red staining;

n = 3 (60 microscopic fields for each animal/condition). (G) Representative images of heart sections from sham and TAC animals treated with antagomir-200c-3p: WGA-

stained sections (first column), Isolectin B4-stained sections (second column), Hoechst-stained sections (third column), and a merge of all staining (fourth column). (H)

(legend continued on next page)
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Table 1. Morphometric and echocardiographic characteristics

Sham TAC

Vehicle Antagomir (5 mg/kg) Antagomir (80 mg/kg) Vehicle Antagomir (5 mg/kg) Antagomir (80 mg/kg)

n 7 8 6 9 11 12

HW/BW 0.0057 ± 0.00012 0.0059 ± 0.00026 0.0058 ± 0.00031 0.0097 ± 0.00024a 0.0085 ± 0.00026a,b 0.0084 ± 0.00034a,b

IVSd (mm) 0.7410 ± 0.04573 0.7625 ± 0.02301 0.6806 ± 0.02610 1.189 ± 0.04951a 0.9521 ± 0.04848a,b 0.9333 ± 0.04201a,b

IVSs (mm) 1.318 ± 0.07709 1.116 ± 0.03662 1.189 ± 0.05166 1.454 ± 0.04483 1.350 ± 0.05318 1.436 ± 0.05857

LVIDd (mm) 4.365 ± 0.1047 4.146 ± 0.1421 4.483 ± 0.06956 3.900 ± 0.1442 4.225 ± 0.1189 4.388 ± 0.1164

LVIDs (mm) 2.906 ± 0.1069 2.941 ± 0.1255 3.123 ± 0.08436 3.184 ± 0.1246 3.194 ± 0.1412 3.233 ± 0.1275

LVPWd (mm) 0.7519 ± 0.04728 0.7058 ± 0.03970 0.6678 ± 0.05265 1.325 ± 0.06442a 1.068 ± 0.06496a,b 1.068 ± 0.06564a,b

LVPWs (mm) 1.124 ± 0.04511 1.124 ± 0.07504 0.9872 ± 0.05838 1.529 ± 0.07893a 1.373 ± 0.06596 1.395 ± 0.07262

FS (%) 33.39 ± 1.966 29.19 ± 0.9220 30.38 ± 1.244 18.37 ± 1.101a 24.75 ± 1.473a,b 26.52 ± 1.440a,b

EF (%) 61.96 ± 2.641 56.35 ± 1.469 57.79 ± 1.890 38.48 ± 2.020a 49.10 ± 2.432a,b 51.78 ± 2.269a,b

Data are expressed as means ± SEM. Sham, sham-operated control group; TAC, transverse aortic constriction; HW, heart weight; BW, body weight; LV, left ventricular; IVSd, inter-
ventricular septal thickness at end-diastole; IVSs, interventricular septal thickness at end-systole; LVIDd, left ventricular internal dimension at end-diastole; LVIDs, left ventricular
internal dimension at end-systole; LVPwd, left ventricular posterior wall thickness at end-diastole; LVPws, left ventricular posterior wall thickness at end-systole; EF, ejection fraction;
FS, fractional shortening.
ap < 0.05 versus the sham vehicle group.
bp < 0.05 versus the TAC vehicle group.
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To determine whether expression of these genes is altered in cardiac
pressure overload, we assessed their protein levels by western blot
analyses. We observed that, under cardiac stress induced by
pressure overload, and when miR-200c-3p was enriched in CM-
derived EVs, the protein levels of CFL2 and KDELC1 were downre-
gulated (Figures 5F and 5G). No clear alterations were observed for
CXCL8 or NDN. Treatment with a low-dose antagomir was sufficient
to restore CFL2 and KDELC1 protein levels above baseline (Figures
5F and 5G).

These data demonstrate thatmiR-200c-3p affects endothelial function
by targeting genes that directly affect cell proliferation and migration,
as well as cell communication, and explaining how this miRNA exerts
detrimental anti-angiogenic functions in vitro and in vivo.

DISCUSSION
Pathological cardiac hypertrophy is often associated with cardiac
structural remodeling, interstitial fibrosis, and contractile dysfunc-
tion.26 Progression of hypertrophic growth to HF occurs without
additional new blood vessel formation, leading to capillary rarefaction
and inadequate growth of the cardiac microvasculature.27,28 To date,
perturbed cross-talk between CMs and ECs defining the pathogenesis
of several heart conditions29 has been mainly associated with para-
crine growth factors from CMs, mostly including secreted proteins
and peptides such as growth factors, hormones, cytokines, and extra-
cellular matrix proteins.1 Here we identified a new mechanism by
which CMs are able to influence the function of the surrounding
Quantification of the total number of capillaries by Isolectin B4 staining; n = 3 (60 microsc

in animals subjected to TAC or sham surgery and left untreated or treated with low/high

(C–J) *p < 0.05 versus the corresponding control group, #p < 0.05 versus the experim
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endothelium through release of EVs enriched with miR-200c-3p.
We found that CM-derived miR-200c-3p is transferred to cardiac
ECs in a vesicle-dependent manner. In ECs, this miRNA acts as an
anti-angiogenic factor because its increased expression results in
impaired endothelial migration and tube formation as well as a lower
proliferation capacity. The overall result is a decrease in capillary den-
sity that worsens cardiac outcome under stress conditions.

Most studies so far have attributed to EVs a potential role as (cardiac)
disease biomarkers because they contain certain miRNAs, including
miR-1, miR-133a/b, miR-208a, and miR-499, that are detectable
even before traditional cardiac disease markers such as troponin or
creatine kinase.30,31 Despite the importance of EVs in paracrine
signaling, less is known about the function of secreted EVs and their
paracrine actions among the different cell types of the heart. We iden-
tifiedmiR-200c-3p as the most enriched miRNA in EVs derived from
stressed CMs, not only in comparison with other miRNAs derived
from EVs but also with the cellular endogenous expression levels.
In line with our findings, several studies have shown that the miRNA
content of CM-derived EVs does not always reflect expression levels
in the parental cells, as described for vesicles derived from certain can-
cer cells,32,33 inflammatory cells,34,35 and CMs.36 Curiously, most of
the miRNAs found to be enriched or depleted in CM-derived EVs
are derived from passenger strands (3p), generally believed to be
degraded within a cell.37 This observation, apart from supporting reg-
ulatory roles for miRNA passenger strands,38,39 also strengthens the
theory of a specific transport mechanism of passenger miRNAs.36,40
opic fields for each animal/condition). (I) Real-time PCR analysis ofCD31 expression

doses of antagomir. (J) Quantification of ejection fraction (EF) from conditions in (D).

ental group (error bars indicate SEM).
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Although endogenousmiR-200c-3p expression in CMs is not upregu-
lated upon increased cardiac pressure overload, increased levels of
this miRNA were observed in CMs from ischemic41 and diabetic42

hearts, suggesting that regulation of this miRNA in the heart is depen-
dent on the type of cardiac stress and that increased pressure overload
induces selective release of CM-derived miR-200c-3p through EVs.
The underlying mechanisms for triage of specific miRNAs into EVs
remains unknown.43 Recent studies have revealed that recognition
of particular motifs in the 30 sequence of the miRNA by specific
RNA-binding proteins causes those miRNAs to be packed into EVs
even though no binding motifs have been identified yet.29,44 Others
have shown, mainly for circulating cells, that post-transcriptional
modifications of the 30 end of miRNAs, such as uridylation or adeny-
lation, influence whether a specific miRNA stays in the cell or will be
mainly shuttled to EVs released by that same cell.45,46 The types of
EVs that are responsible for transfer of miRNA-200c from CMs to
cardiac ECs remain to be determined.

Increased levels of miR-200c-3p in EVs released by hypertrophic CMs
impairs the angiogenic capacity of the endothelium, suggesting a
prominent role of CM-derived EVs in the process of cardiac capillary
rarefaction and endothelial dysfunction. Because cardiac perfusion
and blood supply are largely determined at the level of the microvas-
culature,47 any reduction in capillary density results in cardiac sub-
perfusion, tissue hypoxia, contractile dysfunction, and, ultimately,
HF. Although numerous endogenous noncoding RNAs have been
associated previously with EC function,48 this study is the first report
of functional EV-mediated transfer of a CM-derived miRNA to the
surrounding endothelium in heart disease. EV-mediated delivery of
miR-200c-3p to ECs induces capillary rarefaction and reduces angio-
genic capacity by perturbing endogenous expression levels of
numerous genes that were associated previously with maintenance
of proper cell growth and mobility (CFL2,49 IL-8,50,51 RECK,52 and
NDN53,54), cell apoptosis (PMAIP155,56), regulation of notch
signaling (KDELC157), or cell-cell communication (VAMP758,59

and LRRK260), all determinant processes for proper EC function. In
fact, inhibition of miR-200c in non-myocyte cells in the heart is suf-
ficient to prevent capillary rarefaction and cardiac remodeling, pre-
cluding development of HF. This is in line with previous preclinical
strategies to enhance myocardial angiogenesis by delivery of angio-
genic genes or growth factors.61 However, such potential treatment
strategies are currently limited to the preclinical stage because, for
some of them, apart from demonstration of increased vascularity,
very few results with clinical significance have been obtained. This
Figure 5. miR-200c-3p regulates cell communication, migration, and proliferat

(A) Heatmap representation of the RNA-seq data derived from HUVECs transfected with

blue are the most downregulated and in bright yellow the most upregulated genes. (B) N

protein (blue or yellow, depending on fold change), and the colored outer ring refers to

representative downregulated genes (CXCL8, KDELC1, CFL2, and NDN). *p < 0.05 ve

based on the percentage of EdU-positive ECs for each specific siRNA and relative to

responding to the blue dots are depicted in (E) representative images of merged DAPI and

Western blot analysis to asses protein levels of CFL2, KDELC1, CXCL8, and NDN in myo

or treated with low-dose antagomir-200c. (G) Quantification of results obtained in (F). *
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lack of promising preclinical results highlights the need for a better
understanding of the pathways that drive blood vessel dysfunction
and cardiac angiogenesis to more accurately identify new therapeutic
targets and/or strategies.

CM-derived EVs have been shown to be preferentially taken up by
ECs,62 but how and why this is the case remains to be investigated.
Why CMs release a miRNA that negatively affects the surrounding
environment is unknown, as is the molecular mechanism underlying
the increased release of miR-200c-3p from CMs through EVs. The
mechanismmay rely on the type of stress to which the heart is exposed
because it has been shown that CM-derived EVs can induce eNOS acti-
vation in cardiac microvascular ECs and in this way protect against
ischemia/reperfusion injury.63 In atherosclerosis, upregulation of
miR-200c family members has been shown to correlate with inflam-
matory markers.64 The contribution of miR-200c-3p to the cardiac
inflammatory response induced by pressure overload has not been
studied, even though our data indicate considerable expression levels
of this miRNA in CD45+ cells. Although we observed stimulation of
angiogenesis by CD45+ cells, this was independent of EV release and
transfer of miR-200c-3p by these cells toward ECs. This may have to
do with the role of monocyte-like cells and heart-resident macro-
phages in stimulating angiogenesis and inhibiting fibrosis, with a po-
tential role in cardiac neovascularization under conditions of
stress,65,66 but more research is needed to establish the contribution
of these immune cells to cardiac pathologic remodeling and cardiac
disease. Interestingly, miR-200c can be induced by oxidative stress,
and its overexpression induces cell senescence in vitro,67 suggesting
a role in (cardiac) aging. In fact, among the CM-derived enriched
miRNAs detected by us, miR-30d has been associated with cardiac
fibrosis and inflammation68 and shown to promote tumor angiogen-
esis (miR-30d).69 Increased cardiac endogenous expression of miR-
212 has been shown to induce hypertrophic growth70 and affect EC
function,71 but whether this was the 3p strand was not reported.
Although the role of the remaining identified miRNAs in (cardiac) pa-
thologies has not yet been studied, the miRNA cocktail present in hy-
pertrophic CM-derived EVs seems to instigate remodeling responses
in the stressed heart by triggering an orchestrated response involving
different cardiac cell types, where ECs seem to have a directing role.

Here we demonstrate the existence of CM-EC communication via
EVs as an essential feature of normal cardiac function and reinforce
the concept that cardiac heterocellularity needs to be carefully consid-
ered in the pathogenesis of HF, particularly when implementing new
ion

a control precursor (scr) or a precursor for miR-200c-3p (pre-200c). Shown in bright

etwork analysis of the differentially expressed genes, where each node represents a

the corresponding GO term. (C) Real-time PCR analysis of the expression of four

rsus the scrambled group. (D) Distribution of standardized fold change, calculated

the mock siRNA. Each dot corresponds to one single siRNA, and the siRNAs cor-

EdU (top row), and EdU-positive ECs (bottom row) for themost effective siRNAs. (F)

cardial samples derived frommice subjected to sham or TAC surgery, left untreated

p < 0.05 versus the respective sham or TAC group. Error bars indicate SEM.
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platforms to screen drug candidates or lead optimization. Exploita-
tion of EV-mediated CM-EC communication could lead to identifica-
tion of additional therapeutic targets such asmiR-200c-3p to enhance
cardiac angiogenesis in the stressed heart.

MATERIALS AND METHODS
Primary CM cultures

CMs were isolated from hearts collected from 1- to 2-day-old
neonatal rats. Atrial tissue was removed, and the ventricles were cut
into 1 mm3 pieces before enzymatic digestion.72 Tissue was subjected
to multiple rounds of enzymatic digestion using 0.05% pancreatin
(Sigma, P3292) and 290 units/mg of collagenase (Gibco, 17100-
017). Cells were collected by centrifugation at 1,500 rpm for 6 min
and resuspended in DMEM (Gibco, 21885-025) supplemented
with 15% fetal bovine serum (Gibco, 10270-106) and gentamicin
(10 mg/mL, Gibco, 15710). Subsequently, cells were differentially
plated for 1 h on uncoated cell culture dishes to remove non-myo-
cytes. The CMs were then plated on 0.2% gelatin cell culture dishes
and cultured the next day in SF DMEM containing 20%M199 (Gibco,
31153-026), 15% fetal bovine serum (FBS), 100 units/mL penicillin/
streptomycin (Gibco, 15140-122), and gentamicin (10 mg/mL). After
24 h, CMs were maintained in SF DMEM and treated with 10 mM PE
(Sigma, P6126) and 10mM Iso (Sigma, I5627) for 48 h.

EV isolation

Five to six million NRCMs were seeded on 10-cm dishes and incubated
for 48 h with PE (10 mM) and Iso (10 mM). The medium was collected
and centrifuged at 2,000� g for 15 min at 4�C. EVs were purified from
the obtained supernatant by differential centrifugation as described pre-
viously.73 Briefly, samples were ultracentrifuged twice at 10,000� g for
30min at 4�C, thepelletwas discarded, and the supernatantwas submit-
ted to ultracentrifugation at 100,000 � g for 2 h at 4�C to pellet EVs.
Finally, the pellet from the last stepwaswashedwith cold PBS, ultracen-
trifuged again at 100,000 � g for 2 h at 4�C, resuspended in 150 mL of
cold PBS, and stored at �80�C for later use. Ultracentrifugation steps
were performed using a swinging bucket rotor SW 32 Ti in an Optima
XPN 100K ultracentrifuge (Beckman Coulter, CA, USA) and 28.7-mL
polyallomer conical tubes (Beckman Coulter).

EV characterization by dynamic light scattering (DLS)

DLS measurements were done on a Zetasizer Nano ZS ZEN3600
(Malvern Instruments, Malvern, UK), equipped with a solid-state
He-Ne laser at 633-nm wavelength. The sample was pre-equilibrated
at 37�C for at least 60 s, and each measurement was the average of 11
runs. Three consecutive measurements were performed for each sam-
ple to evaluate its stability. The results were analyzed by the equip-
ment software, considering the viscosity and refractive index of water
at the measurement temperature and a refractive index of 1.59 for the
scattering particles. The average size was taken from the analysis in
volume distribution of particles.

EV characterization by flow cytometry analysis

EVs were analyzed for the presence of the exosomal marker CD63 by
flow cytometry. Isolated EVs were resuspended in PBS and bound to
magnetic CD63-coated Dynabeads (Life Technologies) during over-
night incubation at 4�C. The next day, the Dynabead-bound EVs
were stained with CD63-fluorescence in situ hybridization (FITC)
(Abcam, ab108949) or the corresponding isotype control (FITC
mouse immunoglobulin G1 [IgG1], Abcam, ab91356) and analyzed
by flow cytometry (BD Accuri C6 Plus cytometer).

EV characterization by TEM

EV samples were diluted 1:1 in 4% (v/v) paraformaldehyde (PFA) and
placed on formvar carbon-coated grids (TAAB Technologies) for
20 min at room temperature (RT). After washing 4 times with PBS,
grids were placed on a drop of 1% (v/v) glutaraldehyde for 5 min,
followed by 5 washes with distilled water, 1 min each. In a dark envi-
ronment, grids were incubated with uranyl-oxalate solution (pH 7)
for 5 min and then placed on ice in contact with a solution of methyl
cellulose (9:1) for 10 min. EV imaging was performed in a JEM-1400
(JEOL) electron microscope operated at 80 kV.

EV characterization by NTA

Size and concentration of sEVs were determined by NTA using the
NanoSight NS300 (Malvern Instruments). The system used an
O-ring top plate, and the sample was injected manually at an approx-
imate flow of 1 mL every 20 s. sEVs were diluted in PBS until a con-
centration between 15 and 45 particles/frame was reached. For each
sample, 5 videos of 30 s were recorded with the camera level set at
16. All videos were processed with NTA 3.2 analytical software, using
a software threshold between 2 and 4 depending on the quality of the
videos.

EV characterization by western blot analysis

Western blot analysis for detection of EV markers and contami-
nants was performed. Briefly, up to 15 mL of concentrated EV prep-
arations in PBS (0.5–4 mg) were mixed with 5 mL 4� Laemmli
buffer (0.25 M Tris base, 8% SDS, 40% glycerol, 200 mg bromophe-
nol blue, and 10% 2-mercaptoethanol) and boiled at 96�C for
10 min. For analysis of tetraspanins, Laemmli buffer was prepared
without reducing agents. Samples were loaded in 30-mL wells of
Any kD Mini-PROTEAN TGX Stain-Free Protein Gel (Bio-Rad,
4568123) and gel electrophoresis was performed in 1� Tris/
glycine/SDS buffer prepared from a commercial 10� concentrated
stock (10� Tris/glycine/SDS electrophoresis buffer, Bio-Rad,
1610772), at a constant voltage of 120 V for 75 min. Then gels
were placed in blotting buffer (25 mM Tris, 192 mM glycine, and
20% methanol in water) for 10 min to equilibrate. Then the gel
was stacked on top of a nitrocellulose membrane (GE Healthcare,
10600016), and both were assembled in a transfer system. Transfer
was performed under wet conditions at 200 mA for 90 min. Then
the membrane was removed and blocked in 1:1 PBS-Tween 20
(0.2% [v/v]) with Intercept blocking buffer (LI-COR Biosciences,
927-70001) solution for 1 h at RT. Membranes were then washed
with PBS-Tween 20 and left to incubate overnight at 4�C with the
appropriate primary antibodies and according to the manufacturer’s
recommendations (see antibody details below). Then membranes
were washed 3 times with PBS-Tween and incubated for 1 h at
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RT with secondary antibodies. Membranes were then washed 3
times and viewed in the Odyssey CLx system (LI-COR Biosciences)
at the 700-nm and 800-nm wavelengths. Antibodies were diluted
1:1,000 for primary incubation or 1:10,000 for secondary incuba-
tion. The antibodies used were as follows: GAPDH (Millipore,
MAB374), Calnexin (Santa Cruz #sc-23954), ApoA-1 (Santa Cruz
Biotechnology, sc-376818), Alix (Cell Signaling Technology,
2171S), CD81 (Santa Cruz, sc-166029), HSP70 (Enzo Life Sciences,
ADI-SPA-820), and IRDye 800CW goat anti-mouse IgG secondary
antibody (LI-COR Biosciences, 926-32210).

Culture of HUVECs, functional assays, and Transwell co-culture

Pooled HUVECs were purchased from Lonza (CC-2519). Cells were
cultured in EGM-2 medium consisting of EBM-2 basal medium
(Lonza, CC-3156) supplemented with the Endothelial Cell Growth
Medium-2 Bullet Kit (CC-4176) and cultured at 37�C with 5%
CO2. Cells in passages 6 and 7 were used. 15 � 104 HUVECs
were cultured in 6-well plates. Upon reaching 70% confluency,
they were transfected with 10 nM of a precursor molecule for
hsa-miR-200c-3p or a scramble precursor (AM17100 and
AM17110, respectively; Life Technologies) as a control for 24 h.
Next, HUVECs were trypsinized (trypsin 0.05%, Lonza, cc-5012)
before plating according to the different functional assays to be
performed. For the migration assays, a confluent monolayer of
HUVECs in a 6-well plate was scratched using a 200-mL pipette
tip, and pictures were taken immediately after scratching and at
8 h and 24 h with a Canon EO600D camera linked to an inverted
microscope (Eclipse TS100, Nikon). Quantification of the closure
rate was performed by measuring the area covered by HUVECs
with ImageJ software. For tube formation, Matrigel (Thermo Fisher
Scientific, 356230) was plated and left to set for 1 h at 37�C with 5%
CO2. 1 � 104 HUVECs were cultured on Matrigel, and 16 h later,
pictures were taken with a Canon EO600D camera linked to an in-
verted microscope (Eclipse TS100, Nikon). To characterize the tube
structures, an ImageJ macro (Angiogenesis Analyser) was used. To
evaluate proliferation, 1 mM 5-ethynyl-20-deoxyuridine (EdU; Life
Technologies) was added for 16 h to 5 � 103 HUVECs. To assess
EdU incorporation, cells were fixed with 4% PFA for 15 min and
processed using the Click-IT EdU 555 Imaging Kit (Thermo Fisher
Scientific, C10339) according to the manufacturer’s instructions.
The cell nuclei were stained with Hoechst 33342 (Life Technolo-
gies). The fluorescence signals were visualized using a DMI3000B
microscope (Leica). For the co-culture experiments, 35 � 104

NRCMs were cultured in Thinserts with 0.4-mm pores (Greiner,
65641). One day later, cells were transfected with 25 nM of a pre-
cursor molecule of hsa-miR-200c-3p or a scramble precursor as a
control (AM17100 and AM17110, respectively; Life Technologies).
In some instances, 4 h after transfection, the culture medium was
replaced with fresh medium with 10 mM GW (Millipore, 567715)
for 24 h. Alternatively, NRCMs were incubated with 10 mM PE
and 10 mM Iso for 48 h. Subsequently, the Thinserts were trans-
ferred onto 6-well plates previously seeded with HUVECs and
cultured for another 72 h. After this, HUVECs were used for the
different functional assays as described above.
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THP-1 cells

THP-1 cells (ATTC) were cultured in 25-cm2 sterile culture flasks
(Corning) in complete medium consisting of RPMI 1640 medium
(Sigma-Aldrich) supplemented with 10% heat-inactivated FBS
(Sigma) and 1% penicillin-streptomycin (Life Technologies). The
cells were maintained at a density of 106 cells/mL, and flasks with
cell suspension were kept at 37�C and 5% CO2. The culture medium
was exchanged every 2 days. THP-1 cells were plated in 6-well culture
plates at a concentration of 5 � 105 cells/mL in complete medium,
treated with 100 ng/mL of 4a-phorbol 12-myristate 13-acetate
(PMA; Sigma-Aldrich), and incubated for 48 h at 37�C and 5%
CO2. The PMA-induced THP-1 cells transdifferentiated into MPs
that were able to adhere to plastic. Adherent cells were washed to re-
move PMA and cultured with 1 mL SF RPMI medium for 48 h. Cells,
or the resulting conditioned medium, were then used for (co)culture
experiments with HUVECs. In the co-culture experiments with
HUVECs, 2� 105 MPs were cultured in Thinserts with 0.4-mm pores
(Greiner, 65641) for 24 h. Subsequently, the Thinserts were trans-
ferred onto 6-well plates previously seeded with HUVECs and
cultured for another 72 h. After this, HUVECs were used for the
different functional assays as described above. Conditioned medium
was clarified by centrifugation at 13,000 rpm and 4�C for 5min before
adding it at 25% to HUVEC culture medium for 24 h, followed by
different functional assays as described above. In some instances,
MPs were treated with 10 mM GW (Millipore 567715) for 24 h or
transfected with 25 nM of a control or a hsa-miR-200c-3p inhibitor
(QIAGEN) for 8 h.

Aortic banding and transthoracic echocardiography

Mice used for this study were male and female B6CBAF1/JRJ
(Charles River Laboratories), wild type, 2–3 months old. All proto-
cols were performed according to guidelines approved by the local
Animal Care and Use Committee. Mice were housed in a climate-
controlled environment under a 12-h light/dark cycle with ad
libitum access to chow and water. TAC or sham surgery was
performed on mice anesthetized with ketamine (75 mg kg�1

BW)/medetomidine (1 mg kg�1 BW) and maintained during sur-
gery with isoflurane (3% in oxygen). TAC was performed as
described previously.74 In brief, the aorta was subjected to a 27G
constriction between the first and second truncus of the aortic
arch. Four weeks after surgery, mice were shaved and underwent
light anesthesia with isoflurane (1% in oxygen), and Doppler echo-
cardiography was performed. Echocardiographic parameters were
measured using an RMV707B (15–45 MHz) scan head interfaced
with a 770 high-frequency ultrasound system (VisualSonics). The
pressure gradient between the proximal and distal sites of the
TAC was calculated with the Doppler, and only mice with a pres-
sure gradient greater than 50 mm Hg were included.

Antagomir delivery in vivo

Chemically modified antisense oligonucleotides, antagomirs, (Fidelity
Oligos) were designed to targetmmu-miR-200c-3p. To distinguish the
types of cells that take up the antagomir, we used 30-conjugated
cholesterol and 50-conjugated fluorescent Cy3 antagomirs. Female
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and male mice were injected intraperitoneally once with 80 mg/kg
BW or for 3 consecutive days with 5 mg/kg BW of labeled antago-
mir-200c-3p. Control mice were injected for 3 consecutive days
with vehicle (sterile PBS, 0.1 mL). Mice were sacrificed 1 week after
the first antagomir injection. For the functional studies, we injected
unlabeled antagomirs into female and male mice intraperitoneally
for 3 consecutive days with 5mg/kg BW or 80mg/kg BW, and control
animals were injected for 3 consecutive days with vehicle (sterile PBS,
0.1 mL).

Single-cell suspension and flow cytometry analysis

Isolation of different cell populations from murine hearts was per-
formed using a Langendorff-free method as described previously.19

In brief, mouse hearts were perfused and digested with collagenase
II (Worthington, LS004176), IV (Worthington Biochemical,
LS004188) and protease (Sigma-Aldrich, P5147), cut into small
pieces, and completely dissociated by pipetting. Cell suspensions
were passed through a strainer, and myocytes settled for 20 min
through gravity. Cells from the supernatant, which contained the
non-myocyte cell population, were incubated on ice for 20 min
with conjugated antibodies: CD140a-APC (BioLegend, 135907),
CD31-APC (BioLegend, 102516), TER119-FITC (BioLegend,
116206), and CD45 FITC (BioLegend, 103107). Cells were analyzed
with a FACSCanto II cytometer (BD Biosciences). To isolate cardiac
ECs, the non-CMs cell suspension was incubated for 15 min at 4�C
with magnetic CD146-labeled MicroBeads (Miltenyi Biotec, 130-
092-007), followed by magnetic separation and 3 washing steps
with PBS. FACS was also used for EV characterization. EVs were
incubated for 30 min with latex beads (Invitrogen, A37304), followed
by overnight incubation (RT) of the EV-coated beads with purified
anti-CD63 antibody (FC-5.01, Zymed).

Histological analysis and (immunofluorescence) microscopy

Hearts were fixed in 4% PFA in PBS, embedded in paraffin, and
sectioned at 4 mm. Sections were deparaffinized, rehydrated, and
used for Sirius red or Isolectin B4 (GSI-biotin, Vector Laboratories,
1:1,000). Imaging was performed using a DM200 microscope (Leica).
Fibrotic areas and capillary density were quantified using ImageJ
imaging software.

For immunofluorescence, sections were deparaffinized and rehy-
drated, followed by antigen retrieval. Slides were submerged in
sodium citrate buffer and boiled for 15 min. After cooling down,
slides underwent blocking and permeabilization with 1% BSA
(Millipore, 82-100-6) and 0.5% Triton X-100 (Sigma, T8787) for
1 h at RT. CM staining was performed with anti-a-sarcomeric acti-
nin (Abcam, ab68167 1:100), followed by Alexa Fluor 647 goat anti-
rabbit IgG (H+L) (Invitrogen, A-21245, 1:1,000). For EC staining,
Isolectin Griffonia simplicifolia conjugated with Alexa Fluor 488
(Thermo Fisher Scientific, I21411, 1:50) was used. For membrane
staining, wheat germ agglutinin (WGA), Alexa Fluor 647 conjugate
(Thermo Fisher Scientific, W32466, 50mg/mL) was used. Imaging
was performed with a confocal laser-scanning microscope (Leica
TCSNT) equipped with argon-krypton and helium-neon lasers.
qPCR and qPCR-based array

Total RNA was isolated from mouse heart tissue or cultured cells us-
ing Direct-zol RNAMiniPrep (Base Clear, R2053) according to man-
ufacturer’s instructions. 1 mg RNA was reverse-transcribed with
M-MLV reverse transcriptase (Promega, Madison, WI, USA) for
mRNAs or 5 ng/mL RNA with Universal cDNA Synthesis Kit II
(Exiqon, 203301) for miRNAs. For mRNAs, real-time PCR was per-
formed on an iCycler (Bio-Rad) using SYBR Green Supermix (Bio-
Rad). For miRNAs, ExiLENT SYBR Green Master Mix (QIAGEN)
was used. Transcript quantities were compared using the relative Ct
method, where the amount of target was normalized to the amount
of endogenous control (L7 for mRNAs and 5s for miRNAs) fold
changes were determined using the 2�DDCT method. Primers for
human sequences used for this study were as follows: human L7,
Fw-ACCTGCAGAACCCAAATTGG and Rv-TTGACGAAGGC
GAAGAAGCT-50; human CXCL-8, Fw-GAAGAAACCACCGGA
AGGAA and Rv-CTTGGCAAAACTGCACCTTC; human Kdelc1,
Fw-CCGTCATACTTCTCTTGCTCCTCT and Rv-CACATCTGG
CATCTTCACCAGTCT; human Cfl2, Fw-GAAGGATGAATGGG
CAGGATGAGT and Rv-CCAGAAGCCATGTAAGTCGTCCAA;
human Ndn, Fw-AGACTGCTCCTGCAGAGTTTGGA and Rv-
TGTTTTCTGTGCCCAGCAAGGT. Primers for mouse sequences
used for this study were as follows: mouse L7, Fw-GAAGCTCAT
CTATGAGAAGGC and Rv-AAGACGAAGGAGCTGCAGAAC;
mouse CD31, Fw-CCAAAGCCAGTAGCATCATGGTC and Rv-
GGATGGTGAAGTTGGCTACAGG; mouse CD45, Fw-CTTCAG
TGGTCCCATTGTGGTG and Rv-TCAGACACCTCTGTCGCCT
TAG; mouse CXCL8, Fw-CGTGGCTCTCTTGGCAGCCTTC and
Rv-TCCACAACCCTCTGCACCCAGTT; mouse Kdelc1, Fw-TACA
TTCGGGCGGTGGATACCT and Rv-AACCTGGACACCAACT
CTCGTG; mouse Cfl2, Fw-GCTCCTGAAAGTGCACCGTTAAA
and Rv-GCGGTCCTTAATATCGTCCAAGC; mouse NDN, Fw-
CCTCTGGTTTCCAGACATGGTG and Rv-ATGGTGTGGAGAT
TGGTCAGCC.

Primers for miRNA were as follows: 5S (QIAGEN, YP00203906) and
miR-200c-3p (QIAGEN, YP00204482).

For the qPCR-based array, cDNA synthesis and real-time qPCR was
performed using the miRCURY LNA Universal RT microRNA PCR
System (Exiqon) according to themanufacturer’s instructions. In brief,
the RNA was tailed with a poly(A) sequence at the 30 end and then
reverse transcribed into cDNA using a universal poly(T) primer
with a 30-end degenerate anchor and a 50-end universal tag. The
cDNA products were subsequently diluted 125-fold, transferred to
the Ready-to-Use microRNA PCRMouse & Rat Panel, and quantified
using SYBR Green-based real-time PCR and LNA-enhanced miRNA-
specific primers. Real-time PCRs were run on an iCycler (Bio-Rad) us-
ing the thermal cycling parameters recommended by Exiqon. Raw Ct
values were analyzed using the relative Ct method, where the amount
of target was normalized to the amount of endogenous control (L7 for
mRNAs and 5s for miRNAs) fold changes were determined using the
2�DDCT method. Validation of the qPCR-based array was performed
on EV samples after performing RNase A digestion with or without
Molecular Therapy Vol. 30 No 6 June 2022 2269
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Triton X-100. Prior to subjecting all samples to 0.4 mg/mL RNase A
(Thermo Fisher Scientific) treatment for 10min at 37�C, some samples
were suspended in 2 mL of PBS and treated with 100 mL of Triton
X-100 (Sigma Aldrich) to achieve 5% Triton concentration. Samples
were then used for RNA isolation and further experiments.

RNA sequencing

Deep sequencing of total RNA, isolated from HUVECs was per-
formed 24 h after transfection with 10 nM of hsa-miR-200c-3p or
scrambled (control) precursor molecules (AM17100 and AM17110,
respectively; Life Technologies). RNA purity and integrity were deter-
mined with an RNA Nano 6000 Kit for the 2100 Bioanalyzer (Agilent
Technologies). rRNA deletion and subsequent NGS library prepara-
tion was performed according to the manufacturer’s instructions us-
ing the NEBNext rRNA depletion and RNA Ultra II Library Prep Kit
(New England Biolabs). Quality control of the resulting DNA library
was carried out using the DNA 1000 Kit (2100 Bioanalyzer, Agilent
Technologies). Library molarity was determined by qPCR (NEBNext
Library Quant Kit, NEB) for subsequent equimolar pooling and
sequenced on the NextSeq500 instrument using v2 chemistry in a sin-
gle readmode for 75 cycles. The Bcl2fastq tool (Illumina, v.2.20.0.422)
was applied to compile raw fastq data per sample. Raw sequence files
were quality checked using FASTQC software (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc) and trimmed to re-
move Illumina adaptor using Cutadapt software. The raw sequencing
reads were then mapped to the Ensembl Homo sapiens reference
genome (Ensembl GRCh37 PAR-masked) using STAR software.
Rounded gene counts were normalized to RPKM using the rpkm
function in the Bioconductor package edgeR. Genes with RPKM
values greater than 2.00 in miRNA- and scramble-transfected
HUVECs were considered expressed genes. Fold changes were taken
with respect to the expression upon scramble transfection. Genes
whose expression fold change was greater than 1.3 were considered
differentially expressed.

The data discussed in this publication have been deposited in NCBI’s
Gene Expression Omnibus and are accessible through GEO Series
accession number GSE192586 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE192586).

Bioinformatics analyses: PPI and GO network

Based on the results of the miRNA deep sequencing, a PPI network
analysis was conducted and generated using Cytoscape software
(v.3.7.1) with the built-in STRING plug-in (v.1.4.1), a software pack-
age for biological network visualization and interactive network gen-
eration. The filter applied was the limitation to the species source of
Homo sapiens. The network interactions from the STRING software
and genes involved in the GO and pathway analysis results were ob-
tained synchronously. GO terms were selectedmanually to be those of
most interest. In the PPI network, each node represents a protein, and
each edge between two nodes represents an interaction between these
two proteins. The color of the nodes corresponds to the value of the
log2 fold change calculated in the RNA sequencing (RNA-seq). The
outer ring colors refer to the corresponding GO term.
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Small interfering RNA (siRNA)-based high-throughput screening

HUVECs were reverse transfected with a specific library of siRNAs
(SMARTpool siRNA, Dharmacon). The library of siRNAs was
robotically (Hamilton StarLab) cherrypicked from stock siRNA
whole-genome library plates (SMARTpool siRNA, Dharmacon) to
384-well black optical cell culture plates (PerkinElmer, Cellcarrier
384) coated with gelatin (20 mg/mL) and fibronectin (5 mg/mL).
5 mL of each siRNA (500 nM) was spotted into each well, leaving
empty columns 1, 2, 11, 12, 23, and 24 for addition of controls,
such as siRNA resuspension buffer and siRNA negative control 4
(Dharmacon, B-002000-UB-100 and D-001210-04, respectively).
siRNAs were transfected at a final concentration of 50 nM. Briefly,
the transfection reagent (Lipofectamine RNAiMAX, Life Technolo-
gies) was diluted in OPTI-MEM (Life Technologies) and incubated
for 5 min (the final volume was calculated considering 0.06 mL of
RNAiMAX and 15 mL of OPTI-MEM for each well). The mixture
of transfection reagent and OPTI-MEM was robotically added to
the siRNAs arrayed on 384-well plates using a Multidrop reagent
dispenser (Thermo Fisher Scientific). The transfection mix and
siRNA were incubated for 30 min, and immediately thereafter, cells
were robotically dispensed at a final concentration of 1.4 � 103

cells/well on top of the transfection mix. 66 h after transfection,
EdU was added to the cells at a final concentration of 10 mM. The pro-
liferation assay was run for 6 h. Cells were fixed in 4% buffered PFA
for 12 min, blocked with 1% BSA in PBS for 30 min at RT, and then
permeabilized with 0.5% Triton X-100 in PBS. EdU incorporation
was detected using the Click-iT EdU Alexa Fluor 488 Imaging Kit
(Thermo Scientific). Nucleus staining was performed using Hoechst
dye. Plates were imaged using an automated high-content screening
microscope (Operetta, PerkinElmer). 15 images/wavelength/well
were taken with a 20� magnification objective (NA, 0.45). Images
were analyzed by Harmony software (PerkinElmer), and the total
number of cells (nuclear count by segmentation based on nuclear
size and fluorescence intensity) and the total number of EdU-positive
nuclei (count by 488 intensity in the nuclear compartment) was calcu-
lated. The number of EdU-positive cells is expressed as log2 fold over
control-treated cells (siRNA negative control 4). The screening was
performed at the International Center for Genetic Engineering
and Biotechnology (ICGEB) High-Throughput Screening Facility
(http://www.icgeb.org/high-throughput-screening.html).

Western blot analysis

SDS-PAGE electrophoresis and blotting were performed as described
previously.61 In short, whole tissue or cell lysates were produced in
RIPA buffer supplemented with PhosSTOP (Roche) and Protease in-
hibitor cocktail (Roche). Then samples were boiled in 4� Laemmli
buffer, including 2% b-mercaptoethanol, for 5 min at 95�C. SDS-
PAGE and western blotting were performed using the Mini-
PROTEAN 3 system (Bio-Rad). Blotted membranes were blocked
in 5% BSA/Tris-buffered saline (TBS)-Tween. Primary antibody la-
beling was performed overnight at 4�C. Secondary IgG-horseradish
peroxidase (HRP)-conjugated antibodies were applied for 2 h at
RT. After each antibody incubation, blots were washed three times
for 10 min in TBS-Tween. Images were generated using Supersignal
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West Dura extended duration enhanced chemiluminescence (ECL)
substrate (Pierce) and the LAS-3000 documentation system (FujiFilm
Life Science). Stripping was performed with Restore western blot
stripping buffer (Pierce). Outputs were normalized for loading, and
results are expressed as an n-fold increase over the values of the con-
trol group in densitometric arbitrary units. Primary antibodies used
included rabbit polyclonal anti-CXCL8 (Novus Biologicals, 1:500,
detection at 9 kDa), mouse monoclonal anti-KDELC1 (Novus Biolog-
icals, 1:1,000, detection at 46 kDa), rabbit polyclonal anti-CFL2 (Pro-
teintech, 1:1,500, detection at 19 kDa), monoclonal mouse anti-NDN
(Novus Biologicals, 1:1,000, detection at 36 kDa), and mouse mono-
clonal anti-GAPDH (Millipore, 1: 10,000, detection at 36 kDa). Sec-
ondary antibodies included polyclonal rabbit anti-mouse IgG-HRP
(Dako, 1:5,000) and polyclonal swine anti-rabbit IgG-HRP (Dako,
1:5,000).

Statistical analysis

The results are presented as mean ± standard error of the mean
(SEM). Statistical approaches for bioinformatics analyses are
described above. All other statistical analyses were performed using
Prism software (GraphPad) and consisted of ANOVA followed by
Newman-Keuls multiple comparisons test when group differences
were detected at the 5% significance level or Student’s t test when
comparing two experimental groups. Differences were considered
significant when p < 0.05.
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