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Abstract

Myocardial infarctions affect approximately 735,000 people annually in the United States and have a substantial impact on
quality of life. Neonates have an enhanced capability of repairing cardiovascular damage, while adults do not. The mechanistic
basis for this age-dependent difference in regenerative capacity remains unknown. Recent studies have shown that
microRNAs (miRNAs) play a significant role in regulating the regenerative ability of cardiovascular cells. This report defines
the alterations in miRNA expression within the cardiovascular repair zone of infarcted sheep hearts following intracardiac
injection of neonatal islet-1+ cardiovascular progenitor cells. Sheep were infarcted via left anterior descending coronary
artery ligation. After 3 to 4 weeks of infarction, sheep neonatal islet-1+ cardiovascular progenitor cells were injected
into the infarcted area for repair. Cell-treated sheep were euthanized 2 months following cell injection, and their hearts
were harvested for the analysis of miRNA and gene expression within the cardiovascular repair zone. Ten miRNAs were
differentially regulated in vivo, including miR-99, miR-100, miR-302a, miR-208a, miR-665, miR-1, miR-499a, miR-34a, miR-
1333, and miR-199a. These miRNAs promote stemness, cell division, and survival. Several signaling pathways are regulated
by these miRNAs, including Hippo, Wnt, and Erythroblastic Leukemia Viral Oncogene B (ERBB). Transcripts encoding Whnt,
ERBB, and Neuregulin | (NRGI) were elevated in vivo in the infarct repair zone. Wnt5a signaling and ERBB/NRGI transcripts
contribute to activation of Yes-Associated Protein |. MiRNAs that impact proliferation, cell survival, and signaling pathways
that promote regeneration were induced during cardiovascular repair in the sheep model. This information can be used to
design new approaches for the optimization of miRNA-based treatments for the heart.
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Introduction The feasibility of miRNA administration in a therapeutic
setting has recently gained considerable attention due, in
large part, to studies supporting the concept of single miRNA
delivery for sufficient induction of cardiovascular repair’.

The human heart loses its regenerative ability shortly after the
neonatal period'. Stem cell-based therapies aimed at cardio-
vascular repair must be capable of activating the cell cycle?,
promoting paracrine effects®, recruiting immune mediators to | ] o
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In swine, administration of miRNA-199a, for example,
reduces infarct size, activates cardiomyocyte proliferation,
and improves overall cardiac function®. This concept has
also been demonstrated using miR-590°. Despite these
encouraging data, careful follow-up has identified the poten-
tial for adverse effects resulting from long-term overexpres-
sion of specific miRNAs. Additional knowledge defining
the miRNA profile in the cardiovascular repair zone would
benefit the design of alternative approaches. Understanding
which miRNAs facilitate repair as a group may contribute to
the development of enhanced regenerative therapies in
which specific miRNAs are applied. Currently, information
defining these miRNAs in large animal models is limited.
Here, we identify miRNAs that are induced in the cardio-
vascular repair zone following administration of neonatal
islet-1+ cardiovascular progenitor cells (CPCs) post-myo-
cardial infarction in sheep. Our objective is to provide
insight regarding the molecular mechanisms that contribute
to cardiovascular repair in this model. In the present study,
we identify the miRNAs that play a role in promoting a pro-
regenerative environment through the regulation of YAPI,
Erythroblastic Leukemia Viral Oncogene B (ERBB), and
Wnt signaling.

Materials and Methods
Sheep Model of Cardiovascular Repair

A left anterior descending coronary artery ligation procedure
was performed on four sheep (less than 1 year old) which
were purchased from Nebeker Ranch (Lancaster, CA, USA).
The coronary artery ligation model is a well-documented and
well-accepted experimental model for myocardial infarc-
tion'®". Three to four weeks after infarction, 10 million
cloned, fluorescently labeled sheep neonatal CPCs were
directly injected into the myocardium in the peri-infarct
region. Ten aliquots of one million cells each were prepared
for administration into the left ventricle immediately sur-
rounding the infarction. The border region located between
the infarcted and non-infarcted tissue is the cardiovascular
repair zone and is the region adjacent to the edges of the
infarction where the newly introduced neonatal islet-1+
cells were administered. The retention of transplanted cells
was confirmed via carboxyfluorescein succinimidyl ester
(CFSE) labeling'?. Neonatal islet-1+ sheep CPC clones used
for cell therapy were previously harvested, characterized,
and expanded in our laboratory'3. Ten million early-stage
allogeneic CPC cell clones expressing high levels of islet-1
and low levels of c-kit were used for transplantation. Two
months after cell injection, the sheep were sacrificed, and
their hearts were collected for RNA purification and analy-
sis. Infarcted and non-infarcted tissue samples were col-
lected from the left ventricle of cell-treated sheep and were
classified according to their proximity to the infarcted cell
injection site. Additional controls included tissue isolated
from the left ventricle of three normal, non-infarcted sheep

and tissue isolated from the infarcted region of the left ven-
tricle in three sheep which received an infarction but did not
receive any post-infarct cell-based treatment. Our study
design was approved by the Institutional Animal Care and
Use Committee (IACUC) of Loma Linda University and
performed within the regulations of the Animal Welfare Act.

Islet-1 + Cardiac Progenitor Cell Isolation and
Clonogenic Culture

Sheep islet-1+ cardiac progenitor cell clones were used for
the cell transplantation experiments and human islet-1+
cardiac progenitor cell clones were used for the Wnt5a acti-
vation experiments and the miRNA inhibition experiments
that were done in vitro. CPCs that express the transcription
factor islet-1 have been well documented in the literature to
have the ability to differentiate into cardiomyocytes, endo-
thelial cells, and smooth muscle cells!#'°. This work has
been validated by numerous laboratories using both in vivo
and in vitro approaches. The clonal progenitors that we used
in this study were isolated by selection of cells that express
islet-1 and low levels of c-kit. These cells can differentiate
into all cells of the cardiovascular lineage!”. In addition, we
chose to use these cells because they can be expanded as
clonal populations, they are well-characterized which pro-
vides reproducibility, and because neonatal CPCs have an
enhanced capacity for cardiac repair. The cells were cul-
tured and grown on 0.1% gelatin-coated six-well plates in
medium 199 (Life Technologies, Carlsbad, CA, USA) con-
taining 10% fetal bovine serum (Thermo Scientific,
Waltham, MA, USA), 100pug/ml penicillin-streptomycin
(Life Technologies), and 1% minimum essential medium
non-essential amino acids (Life Technologies, Carlsbad,
CA, USA). The Institutional Review Board at Loma Linda
University approved the protocol for using discarded human
cardiovascular tissue obtained after cardiac surgery without
the use of identifiable patient information, following a
waiver of informed consent. The use of sheep for islet-1+
progenitor cell isolation was approved by the Institutional
Animal Care and Use Committee of Loma Linda University
and was performed within the regulations of the Animal
Welfare Act.

Analysis and Selection of miRNAs

MiRNAs used in this study were selected on the basis of
predicted function and were included in custom-designed
assay plates (Qiagen, Valencia, CA, USA). The databases
TargetScan  (http://www.targetscan.org/), miRTarBase,
DIANA-mirPath (http://www.microrna.gr/miRPathv3),
Kyoto Encyclopedia of Genes and Genomes (KEGG), and
miRBase (http://www.mirbase.org) were used to determine
the predicted targets of the miRNAs. These databases use a
context score model that takes approximately 14 features of
each individual miRNA and predicts their targets'®. The
miRNAs examined in this study are listed in Table 1.
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Table I. Mature MicroRNA (miRNA) Sequences for Primers

Used in RT-PCR.

miRNA

Sequence (5" — 3')

hsa-miR-34a-5p
hsa-miR-302a-3p
hsa-miR-302b-3p
hsa-miR-302c-3p
hsa-miR-302d-3p
hsa-miR-367-3p
hsa-miR-371a-5p
hsa-miR-373-3p
hsa-miR-135a-5p
hsa-miR-141-3p
hsa-miR-200a-3p
hsa-miR-200b-3p
hsa-miR-200c-3p
hsa-miR-181b-5p
hsa-miR-218-5p
hsa-miR-487b-3p
hsa-miR-539-3p
hsa-miR-665
hsa-let-7i-5p
hsa-miR-199a-3p
hsa-miR-15a-5p
hsa-miR-16-5p
hsa-miR-195-5p
hsa-miR-133a-3p
hsa-miR-499a-5p
hsa-miR-208a-3p
hsa-miR-1-3p
hsa-miR-17-5p
hsa-miR-18a-5p
hsa-miR-20a-5p
hsa-miR-92a-3p
hsa-miR-99a-5p
hsa-miR-100-5p

UGG CAG UGU CUU AGC UGG UUG U
UAA GUG CUU CCA UGU UUU GGU GA
UAA GUG CUU CCA UGU UUU AGU AG
UAA GUG CUU CCA UGU UUC AGU GG
UAA GUG CUU CCA UGU UUG AGU GU
AAU UGC ACU UUA GCA AUG GUG A
ACU CAA ACU GUG GGG GCA CU

GAA GUG CUU CGA UUU UGG GGU GU
UAU GGC UUU UUA UUC CUA UGU GA
UAA CAC UGU CUG GUA AAG AUG G
UAA CAC UGU CUG GUA ACG AUG U
UAA UAC UGC CUG GUA AUG AUG A
UAA UAC UGC CGG GUA AUG AUG GA
AAC AUU CAU UGC UGU CGG UGG GU
UUG UGC UUG AUC UAA CCA UGU
AAU CGU ACA GGG UCAUCCACUU
AUC AUA CAA GGA CAAUUU CuU U
ACC AGG AGG CUG AGG CCC CcU
UGA GGU AGU AGU UUG UGC UGU U
ACA GUA GUC UGC ACA UUG GUU A
UAG CAG CAC AUA AUG GUU UGU G
UAG CAG CAC GUA AAU AUU GGC G
UAG CAG CAC AGA AAU AUU GGC
UUU GGU CCC CUU CAA CCAGCU G
UUA AGA CUU GCA GUG AUG uUuU
AUA AGA CGA GCA AAA AGCUUG U
UGG AAU GUA AAG AAG UAU GUA U
CAA AGU GCU UAC AGU GCA GGU AG
UAA GGU GCA UCU AGU GCA GAU AG
UAA AGU GCU UAU AGU GCA GGU AG
UAU UGC ACU UGU CCC GGC CUG U
AAC CCG UAG AUC CGA UCU UGU G
AAC CCG UAG AUC CGA ACU UGU G

RT-PCR: reverse transcription polymerase chain reaction.

Table 2. Primer Sequences Used for RT-qPCR.

Primer Sequence (5" — 3')

Kl67-Fwd TGG CAC AAAATACCATTTCCGT
Kl67-Rev AGC CAA AAG TGT ACA CAG GTCA
NRGI-Fwd TGG TGA TCG CTG CCA AAACT
NRGI-Rev CAG CTG TGACTG GGA GTC TG
ERBB3-Fwd TGA GAT TGT GCT CAC GGG AC
ERBB3-Rev ATC TCG GTC CCT CAC GAT GT
Whnt5a-Fwd CTT CGC CCA GGT TGT AAT TGA AGC
Whnt5a-Rev CTG CCA AAA ACA GAG GTGTTATCC
Wnt9a-Fwd GTA CCA GTT CCG CTT TGA GC
Wnt9a-Rev CTG CCC ACT GGG TAAGTC A
Wntl |-Fwd GAG GAA GAA AGT CCA GTC CCG
Wntl |-Rev CCG CGA GTC TTG CTA GAT GT
YAPI-Fwd TCC CAG ATG AAC GTC ACA GC
YAPI|-Rev TCA TGG CAA AAC GAG GGT CA
CTGF-Fwd CAC CCG GGT TAC CAA TGA CA
CTGF-Rev TCC GGG ACA GTT GTA ATG GC
TEAD|-Fwd AAC TCA GGA CAG GCA AGA CG
TEAD I -Rev GGC TTG ACG TCT TGT GAG GA
SOX2-Fwd AAC CAG CGC ATG GAC AGT TA
SOX2-Rev GAC TTG ACC ACC GAA CCCAT

sheep NRGI-Fwd
sheep NRGI-Rev
sheep ERBBI-Fwd
sheep ERBBI-Rev
sheep ERBB2-Fwd
sheep ERBB2-Rev
sheep ERBB3-Fwd
sheep ERBB3-Rev
sheep ERBB4-Fwd
sheep ERBB4-Rev

TGG TGA TCG CTG CCA AAACT
CAG CTG TGA CTG GGA GTC TG
GAC TTT ACT GGG GCC TGA CC
ACG TGT TAC CTG GAA GGC TG
AGA TCC TCA AGG GAG GGG TC
GAA GGT ATA ACG CCC CTC GG
AGT GCC TAT CTT GCC GGA AC
CTT GTA GAT GGG GCC CTT GG
AGT CAC AGG CTA CGT GTT GG
CAG GTT GGA AGG CCATGG AT

sheep PIK3C2B-Fwd CGC AGG TGC CCA GACA

sheep PIK3C2B-Rev

GTA GAG TGG TTG GAC AGC CC

RT-qPCR: quantitative reverse transcription polymerase chain reaction.

Quantitative RT-PCR

RNA and cDNA Preparation From Sheep
Cardiac Tissue

The left ventricle of infarcted sheep hearts was sectioned and
labeled according to distance from the infarct. Total RNA
was purified from 30 mg or ~1 cm?® of ovine cardiac tissue
using the miRNeasy Mini Kit (Qiagen), per the manufactur-
er’s instructions. Tissue samples were homogenized in
QIAzol prior to isolation as recommended by the manufac-
turer. In all, 200 ng of total RNA was reverse-transcribed
into complementary DNA (cDNA) using the miRCURY
Locked Nucleic Acid (LNA) Reverse Transcriptase (RT) Kit
(Qiagen). For experiments that were done using individual
miRNA primers, 500 ng of total RNA was reverse-tran-
scribed into cDNA using miScript RT II Kit (Qiagen). Primers
for genes of interest are listed in Table 2. cDNA was synthe-
sized with SuperScript III (Invitrogen, Carlsbad, CA, USA).

Quantitative real-time polymerase chain reaction (RT-qPCR)
was performed using the miRCURY LNA SYBR Green PCR
kit and the miRCURY LNA miRNA Custom PCR-Panels
(Qiagen). Custom PCR-Panels were designed with miRNA
primers listed in Table 1, four miRNA reference genes
(U6 snRNA, SNORD48, SNORDG68, cel-miR-39-3p), two
UniSp3 Inter-plate Calibrators (IPC), and UniSp6 cDNA
synthesis positive controls (Qiagen). The IPC controls were
required for comparison between multiple plates. The
UniSp6 control was required to confirm the success of cDNA
synthesis. This protocol requires an initial heat activation of
2 min at 95°C, 40 cycles of denaturation for 10 s at 95°C,
and combined annealing/extension for 60 s at 56°C. The
Bio-Rad CFX96 PCR machine was used for all quantitative
reverse transcription polymerase chain reaction (RT-PCR)
experiments (Bio-Rad, Hercules, CA, USA). Single miScript
primer assays (Qiagen) for the quantification of mature
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miRNAs miR-99a, miR-100, and miR-199a using RT-qPCR
required an initial activation of 15 min at 95°C, followed
by 40 cycles of a three-step cycling series: denaturation for
15 s at 94°C, annealing for 30 s at 55°C, and an extension of
30 s at 70°C.

Treatment of Human Neonatal Islet-1+ Cardiac
Progenitor Cells With Wnt5a

Human neonatal islet-1+ CPC clones grown to 60%—70%
confluency were treated with 100 ng/ml of recombinant
human/mouse Wnt5a (R&D Systems, Minneapolis, MN,
USA) for 72 h and then examined for YAP1 expression by
RT-gPCR and Western blot. Untreated CPCs were grown in
normal CPC growth media for use as a control. Protein was
isolated from treated and untreated islet-1+ CPCs for
Western blot analysis at the 96- and 144-h timepoints.

RNA Purification From Cells and RT-gPCR

Purification of total RNA from Wnt5a-treated human neo-
natal islet-1+ CPC samples was performed using an
RNeasy mini kit (Qiagen) following the manufacturer’s
instructions. The integrity of the RNA was validated using
gel electrophoresis prior to preparing cDNA for each sam-
ple. Two micrograms of RNA was used to prepare cDNA
using SuperScript III (Invitrogen). RT-qPCR was per-
formed with a Bio-Rad CFX96 Touch Real-Time PCR
Detection System (Bio-Rad). PCR plates were run under the
following conditions: 94°C for 10 min, 94°C for 15 s, 58°C
for 1 min, 72°C for 30 s, repeated for 40 cycles. The prim-
ers for our genes of interest were developed by NCBI
Primer-BLAST (Table 2). RT-qPCR products were visual-
ized using 1%-2% agarose gel electrophoresis and low-
mass DNA ladder (Invitrogen).

Protein Purification and Western Blot

Human neonatal islet-1+ CPCs were either not treated and
served as controls or were treated with Wnt5a for 72 h before
protein was isolated at the 96 and 144-h time periods. Cells
were washed with cold phosphate-buffered saline and treated
with cold trypsin. Trypsinized cells were placed on ice at
room temperature until all cells rose. Samples were collected
and agitated for 1 h at 4°C in protein lysis buffer consisting
of RIPA (radioimmunoprecipitation assay) buffer, 0.5 M
EDTA, protease inhibitor cocktail, sodium orthovanadate,
and sodium fluoride, before being centrifuged at 14,000 X g,
and aliquoted for use. Protein was quantified using the Micro
BCA Protein Assay Kit (ThermoFisher, Waltham, MA,
USA). Protein Simple Wes (Protein Simple, San Jose, CA,
USA) was used to analyze YAP1 protein levels. Rabbit anti-
YAP antibodies were purchased from Cell Signaling
(Danvers, MA, USA) and were used at a 1:200 dilution.
Antibodies to actin were used as controls.

miRNA Inhibition

Human neonatal islet-1+ CPC clones (n = 3) were individu-
ally plated at a confluency of 40% in six-well plates using
media without antibiotics. The cells were transfected with 200
ng of mirVana miRNA 302a inhibitor or mirVana negative con-
trol inhibitor using lipofectamine 2000 (Invitrogen). The mir-
Vana miRNA inhibitors are single-stranded oligonucleotides
that are specifically designed to inhibit endogenous miRNA in
cells. The RNAi and lipofectamine mixture was prepared
according to the protocol provided by the manufacturer. After a
20-min incubation at room temperature, the solution was added
dropwise to each well containing cells and media. The treated
cells were maintained at 37°C in a CO, incubator for 7 h prior
to removing the transfection reagent by changing the media.
RNA was isolated from the treated cells after 48 h. The viabil-
ity of the cells at the time of RNA isolation was 96%—98%.
cDNA was prepared from the RNA for RT-qPCR.

Statistical Analysis

The PCR data for the miRCURY LNA Custom PCR-Panels
were sent to Qiagen’s GeneGlobe Analysis software. The
data were normalized by the geNorm method for a more
accurate and reliable normalization of miRNA expression'.
Other PCR data not using this system were analyzed via
Prism v8. The miRNA data presented in this study represent
a comparison of miRNA expression in tissue collected in the
cardiovascular repair zone near the infarct site relative to tis-
sue that was collected from a distal portion of the same heart
of each respective, cell-treated sheep. Data are reported as
mean with standard error of the mean.

Results

MiIRNA Expression in the Regenerating
Myocardium of Sheep

The retention of CFSE+ CPC in the cardiovascular repair
zone was quantified in frozen sections of cardiovascular tis-
sue using Image Pro Plus Version 5 software. An average
0f,2400 DAPI+ cells were counted in the cardiovascular
repair zone of four cell-treated, infarcted sheep. The blue flu-
orescent DNA stain DAPI binds to AT-rich regions of double-
stranded DNA and was used to count the number of nuclei in
the stained sections. The proportion of CFSE+ CPC was
19% on when the counts from all sheep in the study were
averaged, reflecting retention of a proportion of newly intro-
duced islet-1+ cardiovascular progenitors at 2 months fol-
lowing cell injection. CFSE+ cells that were retained in the
cardiovascular repair zone of one of the representative sheep
are shown in Fig. 1A. To identify which miRNAs were dif-
ferentially regulated within the cardiovascular repair zone,
DIANA-mirPath v3 and TargetScan databases were used to
select miRNAs with potential involvement in cell-based
repair. The design was based on predicted targets associated
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with cardiovascular stem cell proliferation, survival, and
differentiation (Fig. 1B). These features are necessary for
improving cardiac function and regeneration®>?!. The changes
in miRNA expression that were identified within the cardio-
vascular repair zone following islet-1+ neonatal CPC trans-
plantation are shown in Fig. 1C. Ten differentially expressed
miRNAs were identified as significant: miRNAs 99a, 100,
302a, 208a, 665, 1,499a, 34a, 133a, and 199a.

Predicted Pathways Targeted by Significantly
Altered MiRNAs

Using DIANA-mirPath v.3 software, the top predicted path-
ways targeted by the 10 miRNAs of interest were identified
(Fig. 2). These pathways, and in particular the Hippo??,
Wnt?*, and ERBB?* signaling pathways, are well documented
as critical for cardiovascular repair. The inhibition of the
Hippo pathway increases active YAP1 which is a known pro-
moter of proliferation and cell cycle reentry. Interestingly,
the most significant pathway to be impacted by the predicted
target genes is cell cycle, which, in the context of repair, is
crucial for adequate regeneration of lost tissue.

MiRNAs Involved in Cardiovascular Repair
Displayed Expression Patterns Consistent
With Regeneration

A significant reduction in miR-99a and miR-100 transcripts
(0.38 = 0.03-fold change; 0.34 = 0.07-fold change, respec-
tively) occurred in the islet-1+ CPC-treated region of infarcted
sheep hearts compared with the control/non-infarct regions
(Fig. 3A, B). Interestingly, a similar trend has been reported in
regenerating zebrafish and neonatal mouse hearts where miR-
99a and miR-100 are downregulated during cardiovascular
repair®®. miR-99a and miR-100 transcript levels were signifi-
cantly lower in infarcted plus cell-treated hearts when com-
pared with transcript levels identified after myocardial
infarction alone (Fig. 3). MiRNA-199a was found to be signifi-
cantly induced (7.61 % 0.36-fold change) in the infarct repair
region in the sheep model compared with control/non-infarct
zones or when compared with the infarcted region of sheep
which did not receive cell treatment (Fig. 3C). The expression
of miR-199a declines with age, coinciding with the loss of
regenerative capacity in adults?*. MiRNA-199a also enhances
ERBB signaling, which was elevated in cell-treated, infarcted
sheep (Fig. 3D). Neuregulin 1 (NRG1) induction in vivo further
elevates ERBB signaling to maintain the expression of this pro-
proliferative pathway (Fig. 3E). NRGI was not found to be
elevated in infarcted sheep without cell treatment.

MIRNAs Associated With Proliferation Are
Elevated During Cardiovascular Repair

Following treatment with neonatal islet-1+ CPCs, the
infarcted area of the heart displayed an increase in the

expression of miRNAs associated with proliferation. These
miRNAs included miR-133a (1.965 £ 0.2926-fold change),
miR-208a (2.86 = 0.52-fold change), miR-499a (2.97 =
0.57-fold change), miR-665 (16.96 = 1.89-fold change), and
miR-302a (2.7 = 0.49-fold change) as shown in Fig. 4A-E,
respectively, compared with control/non-infarct zones. None
of these miRNAs were elevated in the infarcted region of the
heart in sheep that received an infarct without cell treatment
(Fig. 4). Induction of these miRNAs is associated with Hippo
signaling regulation (Fig. 5A). To validate these changes in
our model, real-time PCR was used to investigate the level of
KI-67 transcripts as a marker of proliferation in the cardio-
vascular repair zone. As shown in Fig. 5B, KI-67 transcripts
were elevated (3.1 = 0.3-fold) at the site of repair, relative to
the non-infarcted region of each respective sheep. Similar
trends of KI-67 expression were observed when comparing
infarcted cardiovascular tissue from cell-treated sheep with
normal non-infarcted sheep that did not receive cell trans-
plantation (data not shown). Furthermore, validation of the
role of the select miRNAs that were differentially regulated
and predicted to activate the Hippo and Wnt signaling
pathways was provided by PCR and Western blotting'2. As
the Hippo pathway consists of a kinase cascade resulting
in YAP1 phosphorylation and decreased proliferation?’,
miRNAs that inhibit the Hippo pathway elevate active YAP1
levels and maintain cell proliferation (Fig. 5SA). In the sheep
model of cardiovascular repair, Hippo regulators miR-
133a%%, miR-208a (TargetScan)'®, miR-499a (TargetScan)'$,
miR-199a%°, miR-302a, and miR-665* were significantly
induced (Figs 1, 3, and 4). A previous publication from our
laboratory showed that YAP1 transcripts were elevated in the
infarct repair zone of sheep transplanted with islet-1+ CPCs,
validating the effects of the listed miRNAs!'2. The activation
of YAPI is associated with an increase in cell survival and
proliferation. miRNA 302a, which targets LATS2 and
enhances nuclear localization of YAP 1, was elevated in the
cardiovascular repair zone of cell-treated, infarcted sheep
hearts (Figs. 1 and 4). miRNA inhibitors such as 302ai reduce
the expression of CTGF, TEAD and SOX2, which are ele-
vated when YAPI is translocated into the nucleus, support-
ing the role of miRNA-mediated regulation of this process
(Supplementary Fig. 1).

Whnt Signaling Is Induced by MiRNAs in the
Cardiovascular Repair Zone

The expression of noncanonical Wnt (Wnt5a, Wntl1) and
canonical Wnt transcripts (Wnt3a, Wnt9a) was elevated
in the cardiovascular repair zone after transplantation of
islet-1+ neonatal CPCs as predicted by the miRNA profile.
Noncanonical Wnt transcripts, WntS5a, and Wntl1 were sig-
nificantly increased (2.3 = 0.2-fold change; 6.9 = 0.2-fold
change, respectively) (Fig. 6A). Canonical Wnt transcripts,
Wnt3a, and Wnt9a exhibited a 2.9 = 0.01-fold change and
5.3 = 0.2-fold change, respectively (Fig. 6B). Transcripts for
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where viable tissue (red) borders nonviable tissue (blue) in the infarcted heart (A). MiRNAs involved in various aspects of cardiovascular
repair, including proliferation, differentiation, and survival, were identified using TargetScan and existing literature (B). Quantitative real-
time polymerase chain reaction was done to identify the relative expression of miRNAs involved in cardiovascular repair. The heatmap
represents the changes in miRNA expression in the cardiovascular repair zone following neonatal islet-1 + cardiovascular progenitor cell
treatment in infarcted sheep relative to the non-infarcted area (C). CFSE: carboxyfluorescein succinimidyl ester.
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KEGG pathway p-value f#igenes #miRNAs
Cell cycle 7.1197334959E-08 72 7
Hippo signaling pathway | 1.33678879928E-05 70 7
mTOR signaling pathway | 0.000916069724288 34 8
HIF-1 signaling pathway 0.0024145191347 52 7
Focal adhesion 0.00248154871415 95 8
MAPK signaling pathway | 0.00636115884584 107 8
Wnt signaling pathway 0.00933365957767 60 7
TNF signaling pathway 0.0327670061783 49 7
ERBB signaling pathway 0.0347635303432 43 7
Apoptosis 0.0413690431225 43 6

Figure 2. Predicted pathways targeted by miR-302a, miR-99a, miR-100, miR-199a, miR-92a, miR-208a, miR-499a, miR-I, miR-133a, and
miR-665. Prediction is based on the results from DIANA-mirPath v.3 software.
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Figure 3. Differentially expressed miRNAs in the cardiovascular repair zone and activation of ERBB signaling and NRGI in the CPC-
treated infarcted region. A decrease in miR-99a and miR-100 transcripts (A, B) and an increase in miRNA-199a compared with controls
that included infarct only or the control/non-infarcted area of infarcted, cell-treated sheep support cell cycle re-entry and cardiovascular
regeneration (C). ERBB signaling pathway transcripts are elevated as predicted based on the miRNA profile (D) and NRGI transcripts
are activated in the cardiovascular repair zone (E). Fold changes are displayed as mean = SEM. ERBB: Erythroblastic Leukemia Viral
Oncogene B; NRGI: Neuregulin |; CPC: cardiovascular progenitor cell. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 4. MicroRNAs (miRNAs) associated with proliferation are upregulated in the infarct repair zone when compared with controls
that included infarct only or the control/non-infarcted area of infarcted, cell-treated sheep. MiRNA-133a (A), miR-208a (B), miR-499a
(C), miR-665 (D), and miR-302a (E) expression is positively correlated with an induction of proliferation. Fold changes are displayed as
mean = SEM. *P < 0.05; **P < 0.01; **P < 0.001; ****P < 0.0001.
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Figure 5. Signaling pathways responsible for driving proliferation are regulated by miRNAs. An induction of miRNAs that promote
YAPI activation was observed (A). Elevated levels of KI-67 are shown by real-time polymerase chain reaction in the islet-1+ CPC-
treated infarcted tissue region compared with the control/non-infarcted normal tissue (B). Fold changes are displayed as mean = SEM.
CPC: cardiovascular progenitor cell. *P =< 0.01.
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Figure 6. Wnt signaling is induced after islet-1 + neonatal cardiovascular progenitor cell transplantation as shown by RT-qPCR.
Noncanonical Wnt ligands Wnt5a and Wntl | are significantly elevated in the islet-1+ CPC-treated infarcted region by 2.3-fold and
6.9-fold, respectively, compared with the control/non-infarct normal tissue (A). Canonical Wnt ligands Wnt3a and Wnt9a are also
significantly increased in the islet-1 + CPC-treated infarcted region compared with the control/non-infarcted area (B); fold changes are
displayed as mean = SEM. RT-qPCR: quantitative reverse transcription polymerase chain reaction; CPC: cardiovascular progenitor cell.

P < 0.01; #*P < 0.0001.

canonical and noncanonical Wnt were similarly upregulated
in infarcted cardiovascular tissue from cell-treated sheep
relative to normal non-infarcted sheep without cell interven-
tion (data not shown), indicating that either control led to
the same conclusion. Both noncanonical and canonical Wnt-
signaling pathways are necessary but insufficient on their
own for cardiac differentiation®'. MiRNA-499a is a positive
regulator of the Wnt signaling pathway>2. The increase in
miR-499a expression in the sheep model, along with the acti-
vation of canonical and noncanonical Wnts, provides mecha-
nistic context for the efficacy of transplanted neonatal CPCs
for cardiovascular repair.

The Interaction of Wnt5a, ERBB, and YAP|
Forms a Proliferative, Prosurvival Signaling
Loop Induced by MiRNAs in the Cardiovascular
Repair Zone

Treatment of neonatal CPC with Wnt5a elevates YAP1 tran-
script levels and YAP1 protein (Fig. 7A—C). Intranuclear
translocation of YAP1 is followed by activation of NRG-1
which is downstream of YAPI. NRGI1 participates in an
autocrine loop effect by further activating the ERBB receptor
on islet-1+ CPCs (Fig. 7E, F). Activated ERBB signals
through PI3K to further elevate the expression of intranu-
clear YAPI1. This interactive signaling pathway identified

in vitro demonstrates a potential mechanism by which the
miRNA environment induced by neonatal CPC-mediated
repair contributes to cardiomyocyte proliferation, dediffer-
entiation, growth, and survival. Understanding the interac-
tion of signaling pathways activated by cell-based treatment
and the mechanistic basis by which they function provides
new opportunities for the design of potential treatment
options for patients suffering from heart failure.

Discussion

The ability of neonatal CPCs to enhance cardiovascular
repair has been well documented; however, the mechanistic
basis for this finding is still under investigation. MiRNAs
actively participate in cardiovascular regeneration and play a
role in modulating multiple signaling pathways that are rel-
evant for repair. Understanding the miRNAs that participate
in neonatal CPC-based cardiovascular repair provides new
insight into the regenerative process. We previously reported
that the miRNA profile of human neonatal CPCs differs sig-
nificantly from that of comparable adult CPCs'’; however,
the miRNAs identified in the cardiovascular repair zone fol-
lowing neonatal CPC administration in vivo have not been
characterized to our knowledge. Here, we identified 10 miR-
NAs whose expression is significantly altered in the cardio-
vascular repair zone following transplantation of neonatal
islet-1+ CPCs in a sheep model of myocardial infarction:
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Figure 7. ERBB/YAPI/NRGI signaling forms an autocrine loop. NRGI binding to the ERBB3/ERBB2 receptor stimulates downstream
signaling to the PI3K-AKT pathway to promote cell survival. Activation of PDKI indirectly inhibits the Hippo kinase cascade which
activates YAPI. An autocrine loop interaction may occur when the expression of intranuclear YAPI is elevated, resulting in the
upregulation of NRGI downstream of YAPI. NRGI is transported through the cell membrane to rebind with ERBB3/ERBB2 receptors
on the cell surface (A). If YAP| protein levels are induced as shown by Western blot following exposure to Wnt5a (B, C), transcripts
encoding NRGI and ERBB3 are also induced as shown by RT-qPCR (D—F). Fold changes are shown as mean = SEM. PCR samples
were run in triplicates and were normalized to actin. ERBB: Erythroblastic Leukemia Viral Oncogene B; NRGI: Neuregulin |; CPC:
cardiovascular progenitor cell; YAPI: Yes-Associated Protein |; RT-qPCR: quantitative reverse transcription polymerase chain reaction.

miR-99, miR-100, miR-199a, miR-302a, miR-208a, miR-
665, miR-1, miR-499a, miR-34a, and miR-133a. These miR-
NAs enhance proliferation, differentiation, and stemness;
activate YAP1, ERBB, and Wnt signaling; and inhibit both
apoptosis and fibrosis*>*°. Collectively, the miRNAs defined
here contribute to the stimulation of cardiac repair observed
in this model.

In the current study, 7 of the 10 differentially regulated
miRNAs activate proliferation. Low levels of miR-34a post-
infarction induce proliferation, improve cardiac function, and
reduce fibrosis*®. Other miRNAs that impact proliferation
include miR-99a and miR-100, whose Gene Ontology (GO)
processes are predicted to include proliferation pathways,
chromatin remodeling, and morphogenesis®. The decline in

miR-99a and miR-100 expression is consistent with the
expression profile of zebrafish and neonatal mice, both of
which are capable of efficient cardiovascular regeneration®’,
Activation of miRNAs 199a%, 302a*, 133a%, and 499a*
improves proliferative and migratory capacity. These miR-
NAs collectively modulate the observed behavior of trans-
planted CPCs in our model. Proliferation of transplanted
CPCs in the infarcted area of the heart is required for the for-
mation of new tissue to repair the damaged myocardium.
Meanwhile, differentiation of cells toward cardiac lincages as
well as dedifferentiation of existing mature cells is necessary
to enhance regenerative capacity.

Dedifferentiation of resident cardiovascular cells and
reprogramming events provide a necessary contribution to
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optimal cardiovascular repair given the limited retention of
newly introduced progenitor cells. Dedifferentiation and
reprogramming are known to be regulated by miRNAs*!42,
MiRNA-133a enhances the reprogramming of cardiovascular
cells toward a cardiomyocyte-like state while reducing fibro-
sis and apoptosis*. Additional miRNAs involved in modu-
lating dedifferentiation/reprogramming include miR-99/
miR-100 when expressed at low levels®® and activated miR-
302a*, miR-1, miR-499a, and miR-208a. Dedifferentiation
restores the proliferative capacity of terminally differentiated
cells, enabling them to re-enter the cell cycle and potentially
replenish damaged cardiomyocytes®. In the zebrafish model
of cardiovascular regeneration, mature cardiomyocytes
undergo a dedifferentiation step to proliferate within the dam-
aged myocardium and redifferentiate to replace lost cells*.
It has only recently been found that dedifferentiation also
contributes to cardiovascular repair in large animal models.
Collectively, the miRNAs that facilitate neonatal CPC-
mediated repair in sheep are capable of initiating these steps.
The regulatory role of miRNAs can be leveraged to develop
novel miRNA therapeutics for regeneration.

Direct administration of miRNAs at the site of infarction
has been addressed in several laboratories as a potential
approach to achieving functional cardiovascular recovery.
Studies done in multiple animal models have provided data
supporting the concept that cell-free therapies mediated by
miRNAs can be effective®*’. For example, miR-199a admin-
istration can reintroduce regenerative capacity in adult mice
and can significantly improve cardiac function in swine®.
Upregulation of miR-199a expression activates cardiomyo-
cyte proliferation by interaction with the Hippo pathway to
activate YAP14%%°. While the activation of YAP1 via miR-
199a administration is a crucial step in cardiovascular regen-
eration, whether or not it is sufficient as a standalone treatment
remains to be determined. In our model, the induction of miR-
199a along with other miRNAs that regulate dedifferentiation
and proliferation has the potential to improve outcomes when
applied in the context of CPC-based repair. The 10 miRNAs
described in this study jointly contribute to cardiovascular
repair through multiple modes of action.

The beneficial effects of miRNA treatment are mediated
predominantly via activation of signaling pathways that
facilitate repair. In our study, miR-302a was significantly
elevated in the infarct repair region and regulates both the
Wnt and Hippo signaling pathways**>°. Wnt signaling is of
significance during cardiogenesis for its role in differentia-
tion, proliferation, and self-renewal post-infarction’!. KI1-67
transcripts were elevated in neonatal CPC-treated sheep,
which infers that proliferation is transpiring within this repair
model. Noncanonical (Wnt5a, Wnt11) and canonical (Wnt3a,
Wnt9a) Wnt signaling transcripts were also elevated, sug-
gesting the presence of both differentiating and proliferating
CPCs in the cardiovascular repair zone. Canonical Wnt sig-
naling is activated in the early developmental stages, while

noncanonical Wnt-signaling pathways are activated later
when driving the production of new cardiomyocytes®'.
Whnt5a can also induce the expression of YAP1%2 resulting in
elevated NRG1 and ERBB signaling, which functions as an
autocrine loop to maintain YAPI levels. Activation of the
NRGI-induced ERBB3 pathway contributes to cardiomyo-
cyte proliferation, dedifferentiation, growth, and survival.

Hippo signaling is regulated by miR-302a-mediated inhi-
bition of LATS2, which increases YAP1 and creates a propro-
liferative cell state'?. In addition to miR-302a, it is known that
miR-199a, miR-665, miR-499a, miR-208a, and miR-133a all
interact with the Hippo pathway. These miRNAs were regu-
lated in a manner that induces YAP1 following neonatal islet-
1+ cell transplantation in sheep. The mechanism of regulation
differs among these miRNAs. For example, while miR-302a
and miR-208a directly inhibit the immediate upstream
kinases/inhibitors of YAP1, Large Tumor Suppressor Kinase
1 (LATS1)/Large Tumor Suppressor Kinase 2 (LATS2), miR-
133a, miR-499a, and miR-665 act to prevent any kinase cas-
cade within the Hippo pathway. In the context of cardiovascular
repair, emerging evidence suggests that the Hippo pathway is
a critical regulator of regeneration®. Interestingly, the miR-
NAs that are suggested to be sufficient for cardiogenesis
simultaneously target the Hippo pathway to induce YAP1
expression.

In conclusion, our study shows that neonatal islet-1+
CPC transplantation regulates multiple miRNA transcripts
that target Hippo at various levels, promoting intranuclear
expression of YAP1 and cardiovascular repair. It is interest-
ing to speculate that multiple levels of YAPI activation are
preferable, as the evidence surrounding this pathway contin-
ues to strengthen. The new information provided here char-
acterizes the miRNA expression profile following neonatal
islet-14+ CPC treatment in the sheep myocardial infarction
model. This work provides insight into the mechanistic basis
for the proregenerative alterations observed in neonatal cell-
treated sheep. The identification of induced miRNAs that
contribute to cardiovascular repair may lead to the develop-
ment of novel miRNA-based therapies designed to promote
regeneration.
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