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ABSTRACT

Urocortin-2 (Ucn-2) has demonstrated cardioprotective actions against
myocardial ischemia-reperfusion (I/R) injuries. Herein, we explored the
protective role of Ucn-2 through microRNAs (miRNAs) post-transcriptional
regulation of apoptotic and pro-fibrotic genes. We determined that the
intravenous administration of Ucn-2 before heart's reperfusion in Wistar rat
model of I/R recovered cardiac contractility and reduced fibrosis, LDH release,
and apoptosis. The infusion of Ucn-2 also inhibited the upregulation of 6
miRNAs in revascularized heart. The in silico analysis indicated that miR-29a and
miR-451_1* are predicted to target many apoptotic and fibrotic genes.
Accordingly, the transfection of neonatal rat ventricular myocytes with mimics
overexpressing miR-29a, but not miR-451_1*, prevented I/R-induced expression
of pro- and anti-apoptotic genes such as Apaf-1, Hmox-1 and Cycs; as well as pro-
fibrotic genes Col-I and Col-III. We also confirmed that Hmox-1, target of miR-
29a, is highly expressed at mRNA and protein level in adult rat heart under I/R;
whereas, Ucn-2 abolished I/R induced mRNA and protein upregulation of
HMOX-1. Interestingly, a significant upregulation of Hmox-1 was observed in the
ventricle of ischemic patients with heart failure, correlating negatively with the
left ventricle ejection fraction. Altogether, these data indicate that Ucn-2 through
miR-29a regulation, provides long-lasting cardioprotection, involving post-

transcriptional regulation of apoptotic and fibrotic genes.
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Abbreviations:

AIFM-1, apoptosis-inducing factor 1, mitochondrial; AMI, acute myocardial
infarction; APAF-1, apoptosis protease-activating factor-1; BCL-2, B-Cell
lymphoma 2;; COL-], collagen-I; COL-III, collagen-III; CYCS, cytochrome C; CRE-
R2, corticotropin releasing factor receptor 2; HF, heart failure; HMOX-1, heme
oxygenase 1; I/R, ischemia and reperfusion; LVEF, Left Ventricle Ejection
Fraction; MAPK-8, mitogen-activated protein kinase 8; miRNAs, microRNAs;
NVRMs, neonatal ventricle rat myocytes; pPCI, primary percutaneous coronary

intervention; TGF-f, transforming growth factor Beta; Ucn-2, Urocortin-2.
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INTRODUCTION

Acute myocardial infarction (AMI) is one of the major causes of morbidity
and mortality worldwide.! AMI sequelae, such as apoptosis of cardiac myocytes
in the so-called border or risk zone near the infarct scars are known to trigger the
adverse cardiac remodeling and aggravate cardiac dysfunction.?® Benefits of
timely and effective early revascularization after AMI are well-recognized.
However, the process of myocardial revascularization is associated with critical
injuries that occur when oxygen rich blood re-enter the vulnerable myocardial
tissue, a phenomenon known as ischemia and reperfusion (I/R) syndrome.*
Lethal complications of I/R injuries cause the adverse cardiac remodeling and
consequently heart failure.>® Therefore, effective strategies in cardioprotection
are still eagerly needed.

In recent years, evidences demonstrated that urocortin 2 (Ucn-2) has
cardioprotective effects on myocardial I/R injuries and heart failure.” Ucn-2 is an
endogenous peptide belonging to the corticotropin releasing factor (CRF) family.
Ucn-2 binds with high affinity to the receptor CRF-R2 that is highly expressed in
the cardiovascular system.® The administration of Ucn-2 evokes important
changes in the cardiovascular system, such as human coronary vasodilatation,’
and triggers potent cardioprotective effects against I/R injuries since it decreases
the infarct size and prevents harmful cell death.’® Similarly, the other isoform
Ucn-1 induces positive inotropic and lusitropic effects in rats,!! improves the

intracellular calcium concentration ([Ca*]i) handling in I/R,*> and efficiently



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

protects hearts from I/R injuries by the modulation of apoptotic genes, such as
Cd40lg, Xiap and Bad.'® The infusion of Ucn-2 into the rat I/R-model also promotes
cardioprotection, involving changes in the expression of microRNAs (miRNAs),
which play major role in the post-transcriptional regulation of genes.!* MiRNAs
are small non-coding RNAs that regulate a plethora of cellular processes related
to AM]I, including cardiac myocyte apoptosis, necrosis and fibrosis.’® They play
critical roles in heart function under pathophysiological conditions and also in
different cardioprotection strategies.!®” Recently, we demonstrated that the
levels of different miRNAs changed rapidly into the bloodstream of patients
suffering from AMI with ST-segment elevation (STEMI) undergoing primary
percutaneous coronary intervention (pPCI), and were related to the development
of the adverse cardiac remodeling.'®

In the present study, we evaluated the role of Ucn-2 in the regulation of
miRNAs expression under I/R, focusing on a list of circulating miRNAs whose
levels changed in infarcted patients after pPCI. We further examined the role of
miRNAs in the regulation of pro-fibrotic and apoptotic genes induced by I/R.
RESULTS

I/R increases circulating Ucn-2 and the expression of CRF-R2 in heart’s tissue

Since Ucn-2 is an endogenous stress-related peptide, we examined its
concentration in serum of I/R rat model following the experimental protocol
illustrated in Supplemental Figure 1A. Figure 1A shows that the concentration of

Ucn-2 increased significantly 1 week after heart’s intervention, as compared to
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sham, meanwhile it decreased 6 weeks after surgery. We also assessed the
expression of Ucn-2 receptor (CRF-R2) in risk zone of the infarcted heart. Figure
1B shows that the expression of CRF-R2 was significantly increased 1 week after
I/R, comparing to sham. In contrast, the expression of CRF-R2 was restored 6
weeks after surgery. Therefore, the level of circulating Ucn-2 and the expression
of CRF-R2 increased transiently after the heart infarction and its
revascularization.

Ucn-2 recovers heart contractility and prevents I/R-induced fibrosis

We investigated the cardioprotective effect of Ucn-2 (150 pg/Kg) infused 5
min before reperfusion, using different approaches. Data in Figure 2A and Table
1 indicate that 1 week after surgery the left ventricle ejection fraction (LVEF), the
fractional shortening (LVFS), as well as the left ventricular end-diastolic volume
(LVEdV) and the left ventricular end-systolic volume (LVEsV), recovered
significantly in Ucn-2 treated rats, as compared to I/R non-treated rats.
Meanwhile, I/R induced increase in the left ventricle diastolic diameter (LVdD)
was not affected by Ucn-2. Next, we examined the effect of Ucn-2 on cardiac
fibrosis. As shown in Figure 2B-D the administration of Ucn-2 decreased the
fibrotic areas of the infarcted hearts assessed in vivo by cardiac magnetic
resonance and by Masson’s trichrome staining. Moreover, Figure 2E-H shows
that the expression of pro-fibrotic genes Collagen-1 (Col-I), Collagen-III (Col-III),
Transforming Growth Factor -1 (Tgf-p1) and Transforming Growth Factor -2 (Tgf-

[2) increased significantly in the risk zone of hearts isolated 1 week after I/R. By
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contrast, rats treated with Ucn-2 showed significantly reduced expression of
these pro-fibrotic genes.

Ucn-2 prevents I/R-induced apoptosis

To further evaluate the cardioprotection exerted by Ucn-2, we examined its
action on cardiac myocytes viability and death. As illustrated in Figure 3A the
administration of Ucn-2 decreased significantly I/R-evoked lactate
dehydrogenase (LDH) concentrations, increased 24 h after I/R. Following the
experiment protocol outlined in Supplemental Figure 1A, Figure 3B shows that
Ucn-2 infusion in I/R rat markedly reduced the number of apoptotic cardiac
myocytes, as assessed by TUNEL assay. Ucn-2 treatment also trended to decrease
I/R-evoked caspase 3 cleavage (Figure 3C). To confirm these results, we examined
Ucn-2 effect on adult rat ventricle myocytes (ARVM), using annexin V staining.
As depicted in Figure 3D-F, Ucn-2 pre-treatment of cardiac myocytes exposed to
I/R decreased the number of apoptotic cells stained by annexin V, while it
preserved the number of living cells. Altogether, these data indicate that the
infusion of Ucn-2 at the onset of reperfusion preserves cardiac cell viability and
attenuates apoptosis.

Ucn-2 modulates the expression of miRNAs in the heart under I/R

Given the importance of the post-transcriptional regulation of the expression
of genes in cardiac pathophysiological processes,*!” we examined whether Ucn-
2 could regulate the expression of miRNAs in hearts excised from I/R rats model.

We selected a list of miRNAs based on the analysis of circulating miRNAs
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released in patients with STEMI who underwent revascularization with primary
Percutaneous Coronary Intervention (pPCI), as described recently,'® since little is
known about the role of those miRNAs in I/R and whether they can be good
target for cardioprotective drugs. Figure 4A shows a list of circulating miRNAs
released in serum of STEMI patients 3 h after the angioplasty. The expression of
miR-29a, miR-103, miR-125a-3p, miR-133, miR-139-3p, miR-320, miR-324-3p,
miR-324-5p, miR-339-5p, miR-423_1, miR-451_1* and miR-499-5p were also
detected in heart samples isolated from atrium biopsies of ischemic patients with
heart failure (HF) (Figure 4B). Based on these findings, we examined the
expression of these 12 human miRNAs in I/R rats’ ventricle isolated from the risk
area. As illustrated in Figure 4C-H, the expression of miR-29a, miR-103, miR-133,
miR-339-5p, miR-423_1 and miR-451_1* was significantly upregulated at 24 h
and 1 week after I/R, except for miR-133 that showed a downregulation at 1 week
after I/R. In contrast, the administration of Ucn-2 5 min before heart’s
revascularization prevented significantly I/R-induced upregulation of these
miRNAs, excluding miR-423_1 which was not sensitive to Ucn-2 24 h after I/R.
Supplemental Figure 2 shows that I/R evoked significant increase in the
expression of miR-125a, miR-139, miR-320, and miR-324-3p at 24 h, but not of
miR-324-5p and miR-499_1, while the administration of Ucn-2 did not prevent
the overexpression of these miRNAs. Therefore, Ucn-2 efficiently modulated the
expression of some miRNAs associated with pPCI in STEMI patients, which are

altered by I/R in heart tissue of rats.
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miR-29a and miR-451 1* are predicted to modulate the expression of genes

related to apoptosis and cell survival pathway

To determine target genes of miR-29a, miR-103, miR-133, miR-339-5p, miR-
423_1 and miR-451_1*, we performed an in silico analysis using PANTHER
software. As illustrated in Figure 5A the analysis generated a pie chart suggesting
that miRNAs have predicted target genes are involved in pathways of apoptosis
and fibrosis. Specifically, 41 signaling pathways are mainly implicated in cellular
processes associated with post-AMI, such as apoptosis and fibrosis. Interestingly,
we found that only miR-29a and miR-451_1* are predicted to target 16 and 17
apoptotic genes, and 14 and 18 genes related to fibrosis, respectively (Figure 5B).

Based on this analysis and to assess the role of miR-29a and miR-451_1* in the
regulation of those predicted genes we performed the quantitative RT PrimePCR
array, using the Bio-Rad predesigned assay specifically for apoptosis and
survival pathway (Supplemental Figure 3A). Experiments were performed in
neonatal rat ventricular myocytes (NRVM) transfected with mimics of miRNAs
to overexpress miR-29a and miR-451_1%, under in vitro I/R protocol as explained
in Supplemental Figure 1B. First, we checked if the expression of miR-29a and
miR-451_1* are similarly sensitive to I/R in NRVM and adult heart. Accordantly,
Supplemental Figure 3B and C confirms that I/R enhanced the expression of miR-
29a and miR-451_1%, while Ucn-2 significantly inhibited both miRNAs in a

similar way in NRVM and in adult rat heart. Second, Supplemental Figure 3D
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and E shows that NRVM transfection with mimics of miR-29a and miR-451_1*
successfully increased the levels of miR-29a and miR-451-1*.

Figure 5C and Supplemental table 1 show that 56 genes were upregulated and
20 downregulated 24 h after I/R in NRVM. By contrast, in NRVM transfected with
mimics of miR-29a and miR-451_1%, 56 and 49 genes were downregulated, while
20 and 27 genes were upregulated, respectively (Figure 5D and 5E; Supplemental
table 1). These data indicate that mimics of miR-29a and miR-451_1* reverted the

expression of many apoptotic genes overexpressed under I/R.

miR-29a regulates the expression of I/R-induced apoptotic and fibrotic genes
To verify the results of the PrimePCR array we examined the expression of 6
selected genes in NRVM transfected with mimics of miR-29a and miR-451_1*
under I/R. The selection of these genes was based on their fold change rates as
well as their implication in I/R-related processes, as published elsewhere.?0-22
Namely, we investigated the expression of Apoptosis Inducing Factor mitochondria
associated 1 (Aifm1), Apoptosis Protease-Activating Factor-1 (Apafl), B-Cell Lymphoma
2 (Bcl-2), Cytochrome C (Cycs), Heme Oxygenase 1 (Hmox-1) and Mitogen-Activated
Protein Kinase 8 (Mapk-8). Figure 6A and B shows that the expression of Apaf-1
and Hmox-1 increased significantly in I/R, as compared to control. Figure 6C
indicates that the expression of Cycs slightly increased under I/R, although not
significantly. However, the expression of Aifm-1, Bcl-2 and Mapk-8 was not
affected by I/R, as compared to control (Figure 6D, E and F). Conversely, mimic

of miR-29a, but not of miR-451_1%, prevented I/R effects on Apaf-1, Hmox-1, and
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Cycs (Figure 6A-C). Meanwhile, miR-29a enhanced the expression of Aifm-1
(Figure 6D), and decreased the expression of Mapk-8 (Figure 6F) under I/R. In
contrast, miR-451_1* mimic significantly increased the expression of Hmox-1 and
Mapk-8, comparing to their levels in I/R (Figure 6C and F). The expression of Bcl-
2 was not affected either by I/R or miRNAs mimics. Moreover, we analyzed if
miR-29a and miR-451_1* could target pro-fibrotic genes in NRVM, as is the case
of the effect of Ucn-2 in tissue of adult heart shown previously in Figure 2. Figure
6G and H shows that I/R induced small but significant upregulation of Col-I and
Col-11I, which was significantly downregulated by miR-29a. Of note, miR-451_1*
also failed to modulate the expression of Col-I and Col-III. These data indicate that
miR-29a, but not miR-451-1%, modulated I/R-induced overexpression of Apaf-1,
Hmox-1, Cycs, Col-I and Col-1II.

Signaling pathway involved in miR-29a regulation by Ucn-2

Once we determined that miR-29a efficiently modulated I/R-induced changes
in the expression of apoptotic and fibrotic genes, we studied the signaling
pathway involved in the regulation of miR-29a by Ucn-2 applied in NRVM under
I/R (Supplemental Figure 1C). Figure 61 shows that NRVM treatment with Ucn-
2 (10 nM) before reperfusion inhibited I/R-induced miR-29a overexpression,
whereas NRVM pretreatment with astressin (0.5 pM), the specific antagonist of
CRF-R2 receptor,® significantly attenuated Ucn-2 effect. CRF-R2 is known to
couple Gs/cAMP/PKA signalling, therefore we investigated if Ucn-2 action was

mediated by of PKA or Epac (exchange protein directly activated by cAMP). Our
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data show that NRVM pretreatment with ESI-05 (10 uM), specific inhibitor of
Epac2,#* abolished Ucn-2 downregulation of miR-29a. By contrast, PKA
inhibition with H89 (1 uM) did not significantly affect Ucn-2 downregulation of
miR-29a. Finally, because Epac activates the Rasl-ERK1/2 pathway,* we
examined whether ERK1/2 participates in Ucn-2 action. Nevertheless, the
inhibition of ERK1/2 by PD 098059 (5 uM)?* did not inhibit significantly Ucn-2-
effect on miR-29a under I/R. Altogether, these data demonstrate that the
administration of Ucn-2 before reperfusion modulated the expression miR-29a

through the activation of CRF-R2 and Epac2.

I/R induced changes in the expression of apoptotic genes in rat’s ventricle

To confirm if these genes are relevant in the adult infarcted heart, we
examined their expression in I/R rats infused with Ucn-2. Figure 7A-C shows that
mRNA expression of Hmox-1, Aifm-1 and Apaf-1 were increased in risk zones 24
h after I/R, but it significantly decreased 1 week after the intervention. Moreover,
the administration of Ucn-2 blocked I/R-evoked Hmox-1 upregulation, while it
enhanced I/R-induced expression of Aifm-1. In contrast, Figure 7D shows that
mRNA expression of Cycs significantly decreased 24 h, but it recovered after 1
week after I/R. The expression of Cycs as well as Apaf-1 was not affected by Ucn-
2 (Figure 7C, D). At the same time, we did not observe significant changes in the
expression of Mapk-8 under any experimental conditions, while Ucn-2 induced
Bcl-2 increase 24 h after I/R (Supplemental Figure 4). Interestingly, as shown in

Figure 7E and F the protein expression of HMOX-1 and AIFM-1 were
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294

significantly increased in risk zone of I/R rats 24 h after surgery, but Ucn-2
potently reduced HMOX-1 expression and tended to decrease the upregulation
of AIFM-1. By contrast, CYCS protein was not affected by I/R nor by Ucn-2
(Figure 7G).

Finally, we assessed the expression of these genes in ventricle biopsies of
patients with HF of ischemic origin. Figure 8A shows that only the expression of
Hmox-1 was significantly increased, as compared to a healthy ventricle sample.
The expression of Apaf-1 and Aifm-1 slightly but not significantly trend to
increase in those patients. Meanwhile, the expression of Mapk-§ and Cycs tended
to decrease in these samples. Interestingly, the analysis of a possible correlation
between patients” LVEF and these genes expression shows significant negative
correlations between the expression of Hmox-1, Mapk-8, and Cycs with the LVEF
of the patients, whereas the expression of Apaf-1 and Aifm-1 did not correlate with
the LVEF (Figure 8B-F). Altogether, these results suggest that HF patients might
overexpress genes related to apoptosis in function of the severity of their HF,
although higher number of samples is necessary to confirm this preliminary

observation.

DISCUSSION

Despite the overwhelming advances in cardiovascular therapies HF
following AMI remains the leading cause of mortality and morbidity in humans.
Therefore, strategies of cardioprotection are of major interest to limit I/R injuries

and cardiac myocytes loss after AMI.» This study confirms the important
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protective role of the administration of Ucn-2 at early reperfusion which
mitigates I/R injuries. We observed significant and transient increase in
circulating Ucn-2 and the expression of its receptor CRF-R2, 1 week after I/R. This
result agree with previous studies which proposed Ucn-2 as a potential
diagnostic and prognostic biomarker for cardiovascular diseases.?”? Ucn-2
belongs to the stress hormone CRF family; therefore, our data confirm that under
the stress caused by I/R, the heart enhances not only the circulating Ucn-2 but
also its CRF-R2 receptor to activate the related signaling pathway in the injured
heart. Moreover, we demonstrate that intravenous infusion of Ucn-2 improves
cardiac contractility after I/R since it increases LVEsV and decreases the LVEdYV,
indicating successful heart contraction and relaxation. In addition, using
different approaches we demonstrate that Ucn-2 decreases significantly I/R-
induced fibrosis, which will preserve myocardial compliance and will prevent
impaired cardiac diastolic and systolic function evoked by I/R.

I/R-induced cardiac cells death in affected hearts is another important factor
contributing to cardiac dysfunction and cardiac remodelling. Here, we
demonstrate that Ucn-2 reduces LDH amount, and we observe less cleaved
caspase 3 staining and DNA fragmentation, indicative of apoptosis, in Ucn-2
infused I/R rats. Annexin V staining further confirms that Ucn-2 prevents ARVM
death and increase cell survival, in accordance with our previously published

data.1014
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One of the limitations of the infusion of cardioprotective drugs is related to
their limited benefits duration due to their short half-life. Recent studies
indicated that Ucn-2 gene transfer provides sustained increase in the
concentration of plasma Ucn-2 and enhanced cardiac function in normal mice
and in mice with HF,*3% although its role in modulating I/R stress was not
assessed. Herein, we provide evidences demonstrating that Ucn-2 modulates
changes in miRNAs, post-transcriptional gene expression, and protein
expression, in agreement with previous studies.!**> We decided to study the
effect of Ucn-2 on miRNAs which have been recently detected in blood samples
of STEMI patients undergoing pPCL ! and in failing heart samples, because little
is known about the role of those human miRNAs in cardiac function after I/R.
Our results using adult rats and isolated cardiac myocytes unveil the ability of
Ucn-2 to modulate the expression of 6 of those miRNAs that are rapidly released
to the blood stream after pPCI in STEMI patients. In fact, we demonstrate that
Ucn-2 infusion prevents I/R-evoked upregulation of miR-29a, miR-103, miR-133,
miR-339-5p, miR-423_1 and miR-451_1, in rats. This effect was even sustained 1
week after heart reperfusion, indicating at least a medium lasting action of Ucn-
2 on miRNAs dysregulation.

Based on the in silico and PrimePCR findings, we found that miR-29a and
miR-451_1* possibly target many genes associated with apoptosis and fibrosis,
two prevalent pathways during the early adverse cardiac remodeling. We

demonstrate that the overexpression of miR-29a, but not miR-451_1%, efficiently
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prevent the expression of collagen mRNA, indicating fibrosis inhibition in
agreement with recent studies which showed that miR-29a inhibits fibrosis in
myocardial infarcted rats,® in heart stressed with isoproterenol by
downregulating the expression of DNA Methyltransferase enzymes A (Dnmt3a),*
and in heart derived from chemotherapy.*® Furthermore, miR-29a overexpression
prevents I/R-induced upregulation of Apaf-1, Cycs, and Hmox-1; meanwhile it
increases the expression of Aifm-1. As known, the intrinsic mitochondrial
apoptotic pathway is initiated after reperfusion by the release of Cycs into the
cytoplasm which stimulates Apaf-1 and procaspase-9 in the apoptosome,
inducing apoptosis.®3# Thus, Apaf-1, Aifm-1 and Cycs are considered pro-
apoptotic genes. By contrast, Hmox-1 is considered anti-apoptotic and
cardioprotective. For instance, its gene delivery prevents cardiac remodeling and
preserves cardiac function after myocardial infarction, as described previously.*
Other studies demonstrated that the transplantation of mesenchymal stem cells
overexpressing Hmox-1 conferred cardioprotection against ischemic injury in
heart and skeletal muscle.#! There is a general consensus that cardiac myocyte
activates both pro- and anti-apoptotic pathways during the progressive
transition of the heart from a situation of adaptation to one of maladjustment
after I/R.*2 Therefore, miR-29a and its predicted target genes could be a potential
regulator of a balance between pro- and anti-apoptotic processes. miR-29a has

been reported to play other beneficial role in cardiovascular homeostasis, such as
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cardiac hypertrophy,* and modulation of cardiac cell metabolism,* indicating
their potential features as therapeutic agent.

In this study, we also show in adult rat heart that HMOX-1 can be regulated
by Ucn-2, in the same way as miR-29a, both at mRNA and protein levels. By
contrast, Ucn-2 modulates differentially AIFM-1 at mRNA and protein levels,
indicating that perhaps Ucn-2 affects the post-translational process of some
protein. This finding suggest that the protective effect of Uen-2 does not occur
exclusively through miR-29a and may involve other mediators that could act
differentially in post-transcriptional and post-translational processes.
Interestingly, we demonstrate that Ucn-2 regulates the expression of miR-29a
through the activation of CRF-R2 and Epac2, which is consistent with the role of
Epac2 on miR-139-3p and miR-324 modulation by Ucn-1 isoform in cardiac
myocytes.!*

Furthermore, we provide preliminary data showing that ischemic patients
with HF overexpress Hmox-1, while the expression of other apoptotic genes seem
not significantly altered. We demonstrate a negative correlation between LVEF
of HF patient and the expression of Hmox-1, Cycs and Mapk-8, which may be
related to the Cycs-mediated cell death pathway. Although, the overexpression
of Hmox-1 was unexpected since this gene is sought to exert anti-inflammatory
and anti-apoptotic effects post-AMIL* Perhaps, the overexpression of Hmox-1

may play a role in sustaining and protecting the still non-affected tissue of the
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infarcted heart in those HF patients when their LVEF is severely compromised.
Further experiments are needed to clarify these data.

To summarize, this study demonstrate that Ucn-2 provides long-lasting
cardioprotective effects involving miRNAs regulation, which target apoptosis
and fibrosis. Mimicking changes of the expression of miRNAs caused by Ucn-2,
combined with functional studies, allows us to efficiently identify new role of
miR-29a in myocardial I/R, that presumably leads to a balanced regulation of

anti- and pro-apoptotic pathways.

MATERIALS AND METHODS

This study was performed in accordance with the recommendations of the Royal
Decree 53/2013 in agreement to the Directive 2010/63/EU of the European
Parliament and approved by the local Ethics Committee on Human and animal
Research of A Corufia and University Hospital of Virgen del Rocio of Seville.

Blood human samples and myocardial biopsies from patients with heart

failure

Human serum was obtained from blood samples from patients who suffered a
first STEMI by centrifugation at 1500 g for 15 min, as detailed in previously.!® The
inclusion criteria were patients under 75 years old, diagnosed with AMI,
presenting symptoms 2 to 6 h prior to angioplasty and exhibiting epicardial TIMI
(Thrombolysis in Myocardial Infarction) flow grade of 0 in the initial angiogram.

Patients with a previous history of ischemic heart disease, a glomerular filtration
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rate less than 30 mL/min, TIMI flow grade > 1 at the time of angiography were
excluded. Patients received standard pharmacological therapy as per current
clinical guidelines.

Myocardial biopsies were obtained from the atrium of 5 males and 2 females with
a median age of 62 years, and LVEF = 52.8 + 2.1%, before surgery. Left ventricle
biopsies of ischemic patients with HF were obtained from 4 males and 3 females,
with a median age of 58.6 years and LVEF = 31.7 + 6.4%. We also used one
ventricle biopsy from a healthy donor. These samples were obtained from
patients during surgery for cardiac transplantation at the University Hospital of
Virgen del Rocio in Seville and in A Corufia Hospital. A signed informed written
consent was provided from the families of all donors.

Rat model of myocardial Ischemia and Reperfusion (I/R)

The I/R rat model was performed using male Wistar rats weighing 250 + 50 g as
previously described.!? Briefly, rats were anesthetized with intraperitoneal (i.p.)
injection of 50 mg/Kg ketamine plus 8 mg/Kg xylazine and were maintained with
a mixture of 2% Oz/sevoflurane during the whole procedure. A left thoracotomy
was performed in the intercostal space followed by a pericardiotomy. To induce
the stenosis a 6/0 ProleneTM (Ethicon™, NJ, US) nylon suture was placed around
the left anterior descendent coronary artery, reducing the vascular light using a
small piece of PE-10 tube that was placed-in-between for a convenient release
upon reperfusion. Analgesia was provided during the 3 days following surgery.

In vivo experimental groups
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As shown in Supplemental Figure 1A, experimental group in rat model were
divided in: “Sham” group: rats undergoing the same surgical procedure without
coronary ligation. “I/R” group: ischemia was produced by ligation of the left
coronary artery during 40 min, afterward 0.9% NaCl solution was added through
tail veins 5 min before reperfusion. “I/R + Ucn-2” group: Same as I/R group but
i.v. dose of Ucn-2 (150 pg/Kg) was administered 5 min before reperfusion.

Experiments were performed especially in risk zone of the infarcted heart, which
belongs to the adjacent areas of the artery ligature.%4 Three end points (24 h, 1

week and 6 weeks) were used depending on the experiment.

Adult rat ventricle myocytes (ARVMs) primary culture

The hearts were removed and mounted on a Langendorff perfusion apparatus.
Adult rat ventricle myocytes (ARVM) were isolated using collagenase type II (251
IU/mL) (Worthington Biochemical, CA, US) as described previously R.'2 Isolated
cells were filtered, centrifuged, and suspended in Tyrode solution containing
(mM): 130 NaCl, 1 CaCl2, 0.5 MgCl2, 54 KCl, 22 glucose, 25 HEPES, 0.4
NaH2PO4, 5 NaHCO3) (pH 7.4). ARVM were plated in control solution
containing 1.8 mM CaCl2 at 37°C and were later subjected to a protocol of I/R as
summarized in Supplemental Figure 1B, using a simulated ischemic solution
(mM): 142 NaCl, 3.6 KCl, 1.2 MgCl2, 1.8 CaCl2, 5 NaHCO3, 20 Hepes, 20 Lactate-
Na, 20 sucrose (pH 6.22), as described previously.*4” Cells were placed during 30
min in an incubator at 1% O2 and 5% CO2. Afterward, cells were reoxygenated

in control solution and maintained in at 21% O2 and 5% CQO2 for 18-24 h. 30 nM
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Ucn-2 was added before reperfusion. All experiments were performed on Ca*-
tolerant rod-shaped myocytes.

Neonatal Rat Ventricle Myocytes (NRVMs) primary culture

Neonatal Rat Ventricle Cardiac myocytes (NRVMs) were isolated from the heart
of 1-3 days old Wistar rats. The primary ventricular cardiac myocytes were
cultured in Dulbecco’s Modified Eagle Medium (DMEM)/medium 199 (4:1)
supplemented with 10% horse serum, 15% fetal bovine serum (FBS), 1%
glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin for 24 h, later the
medium was replaced.

For miRNAs experiments, NRVMs were transfected at 70% of confluence, 48 h
after isolation, according to the manufacturer’s instructions, using Lipofectamine
RNAIMAX Transfection Reagent (Thermo Fisher Scientific, US) with 10 pM of
mimics Rno -miR 29a (5 UAGCACCAUCUGAAAUCGGUUA 3’), Rno -miR 451
(5’ AAACCGUUACCAUUACUGAGUU 3) or negative-control (Ambion,
Thermo Fisher, MA, US). 24 h later cells were exposed to the protocol of I/R as
illustrated in the Supplemental Figure 1B.

For pharmacological study, NRVM were incubated with inhibitors 10 min before
their exposition to I/R + Ucen-2 (Supplemental Figure 1C).

Echocardiography and Cardiovascular Magnetic Resonance

Transthoracic echocardiographic and the cardiac magnetic resonance analysis
were performed as described previously'. The cardiac function was assessed 1

week after surgery in light anesthetized rats with 2% sevoflurane by Vevo™ 2100
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ultrasound system with a transducer MS250 using a frequency range of 13-24
MHz (VisualSonics™, Toronto, Canada). M-Mode images of the left ventricle at
the level of the papillary muscles were obtained, and functional hemodynamic
parameters were recorded as the left ventricle ejection fraction (LVEF), left
ventricle ejection fraction; (LVFS), left ventricle end diastolic diameter (LVEdD),
left ventricle end-diastolic Volume (LVEdV), and left ventricle end-systolic
Volume (LVEsV).

The cardiac magnetic resonance study was performed with the imaging system
ICON 1T (Bruker, Rheinstetten, Germany) using a rat whole body coil. To
quantify the ischemic area, images were collected with gradient echo T1
sequences and synchronized with the electrocardiogram (repetition time: 100 ms,
echo time: 2.5 ms, resolution: 0.234 x 0.234 mm, slice thickness: 1.250 mm, angle
of rotation: 75° or 90°, 2 cuts with the same geometry as the previous film
sequences, 15 min after the introduction of a gadolinium-based contrast to
highlight fibrotic areas. The acquisition of images and their analysis were

performed in a blind manner.

Masson’s trichrome staining

Hearts from the three experimental groups were fixed with formalin and
embedded in paraffin. Hearts were cut into 6 pum sections and Masson's
trichrome protocol was performed to determine fibrosis stained in blue. Tissue
without fibrosis was stained in red.

Tunnel assay and cleaved caspase 3 immunofluorescence.
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Hearts of rats were dissected, washed in cold PBS for blood clearance, and fixed
with 4% paraphormaldehyde. Sections were immersed in OCT and frozen to -
80°C and later cut in 6 uM slices. For Tunnel assay, heart sections were stained
using the in-situ Cell Death Detection Kit, with fluorescein (Roche, Basel,
Switzerland) following the instruction of the manufacturer. Tunnel-positive
nuclei fluoresced bright green at 480-500 nm. Images were taken by widefield
Thunder microscope Leica (Leica, Westzlar, Germany) with computational
clearance at 10X.

For Caspase 3 immunofluorescence, heart sections were incubated overnight
with primary anti-cleaved Caspase 3 antibody (Cell Signalling, MA, US). After
washing, sections were incubated with a secondary antibody Alexa Fluor 594
(Thermo Fisher Scientificc MA, US). Wheat germ agglutinin (WGA) conjugated
with Alexa-fluor 488 was used to stain cell membrane, while DAPI was used to
stain nuclei. Five snapshots per condition were acquired using a fluorescence
microscope Olympus BX61 (Tokio, Japan) with 40X objective, and images were
analyzed to count the different proportion of red stained cells with Image] 1.45
software (Wayne Rasband, National Institute of Health, Bethesda, MD, USA).

Annexin V-FITC staining

Annexin V-FITC staining was used to detect apoptosis in adult rat cardiac
myocytes seeded in 6-channel p-Slides VI 0,4 (Ibidi, Gréafelfing, Germany),
incubated with 100 pl of the binding buffer supplied with the kit (Trevigen, MN,

US), and 1 pl of annexin-FITC reagent, during 35 min at 25°C. Images were taken
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with confocal microscope Leica TCS SP2 (Leica, Westzlar, Germany). Five
snapshots per condition were acquired using a HCX PI Apo CS dry 20X objective
with 2x zoom in z-stacks intervals, and maximum projection was recorded and
analyzed with Image ] software Image]J 1.45 software (Wayne Rasband, National
Institute of Health, Bethesda, MD USA), to count the proportion of labeled cells.
All assays were performed per triplicate, and counts were independently
conducted by two people in a blind manner.

Elisa

Serum of rats from the 3 experimental groups were purified using separation
columns. The level of Ucn-2 was determined by immunofluorescence assay
(Phoenix Pharmaceuticals, CA, US) following manufacturer instructions. The
level of LDH was detected by LDH-Glo™ Cytotoxicity Assay (Promega, WI, US).

RNA extraction and gRT-PCR analysis

miRNeasy Serum/Plasma kit (Qiagen, Hilden, Germany) was used to extract
small RNAs from patient’s serum following the manufacturer instructions.
Tagman® array miRNAs cards pool A (Applied Biosystem, CA, US) was also
used to determine changes in the expression of miRNA using Viia7 Real-Time
PCR system (Applied Biosystems, CA, US). The plate design includes
mammalian U6, RNU44 and RNU46 as endogenous control.

For tissue samples, miRNeasy kit (Qiagen, Hilden, Germany) was used to extract
total RNA or miRNAs following manufacturer instructions. Samples were

quantified using Nanodrop (Thermo Fisher Scientific, MA, US) for RNA and by
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Qubit™ (Thermo Fisher Scientific, MA, US) for miRNAs. Reverse transcription
reactions were performed using miScript II RT Kit (Qiagen, Germany) (500 ng),
in accordance with the manufacturer’s protocols. Prior to qRT-PCR reactions,
cDNA was diluted 1 in 5 for PCR assays.

PCR assays of miRNAs were performed using 10X universal primer (miScript
SYBR Green PCR Kit, Qiagen, Hilden, Germany), Sybr Green reactive (iTaq™
Universal SYBR Green Supermix, Bio-Rad, CA, US), and specific oligos of each
miRNA: miR-103, miR-125a, miR-133, miR-139, miR-29a, miR-320, miR-324-3p,
miR-324-5p, miR-339-5p, miR-423_1, miR-451_1* and miR-499_1 (Qiagen,
Hilden, Germany) according to the manufacturer instructions, using a ViiA 7
Real-Time PCR System (Applied Biosystems, MA, US). The average expression
levels of miRNAs in cells were normalized to miRTC1.

Reactions for genes PCR assays were performed in a 10 pL reaction mixture
volume with 100 nM forward primer and 100 nM reverse primer for mRNA.
Primer sequences are described in Supplemental Table 2. The average expression
levels of genes were normalized to -actin.

ViiA 7 Software version 1.2 (Life Technologies, Carlsbad, CA, USA) was used to
calculate the quantification cycle (Ct) value, which is defined as the number of
cycles at which the fluorescence signal is significantly above the threshold;
expression of each mRNA and miRNA was defined from the threshold cycle (Ct),
and relative expression levels were calculated using the 242 method after

normalization with the internal control, miRTC1 and (-actin for miRNA and
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mRNA, respectively. Data are expressed as relative expression of Log Fold
change of means + Standard Error of the Mean (+ SEM) of at least 4 replicates of
each experiment.

PrimePCR assay

We used PrimePCR (Bio-Rad, CA, US) predesigned assay (Apoptosis and
Survival Tier 1 H96), containing primers of validated genes specifically for
apoptosis and survival pathway, as indicated in Supplemental table 1 and figure
2. A mix of 4 samples were added and the reaction was performed according to
the manufacturer’s instructions, on a Viia7 Real-Time PCR system (Applied
Biosystems, CA, US). The average expression levels of genes were normalized to
the expression of housekeeping gene HPRTT.

In silico analysis of targeted genes by miRNAs

The analysis of targeted genes predicted to be regulated by miRNAs was done
using different bioinformatics resources: miRBD (miRDB v7.2, http://mirdb.org,
Washington University St. Louis, MO, US) ,TargetScan (Release 7.1,
www.targetscan.org, Cambridge, MA, US) databases, and Exiqon tool
application (http://www.exiqon.com/microrna-target-prediction). To identify
miRNA target gene pathways, we also used the online platform Gene Ontology
(GO) browser PANTHER (Protein Analysis THrough Evolutionary
Relationships) v14.1, (http://pantherdb.org/genelistanalysis.do, University of
Southern California, Los Angeles, CA, US).

Western Blotting
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Protein extraction was carried out using NP40 Cell Lysis Buffer (Thermo Fisher
Scientific, MA, US) and quantified by Bradford method. Rat heart tissue was pre-
lysed using TissueLyser II (Qiagen, Hilden, Germany) before protein lysis buffer
addition. Protein samples were subjected to SDS-PAGE (10% acrylamide) and
electrotransferred onto PVDF membranes. After blocking with 5% non-fat dry
milk dissolved in Tris-buffered saline containing 0.1% Tween-20 (TTBS) for 1 h
at 37°C, membranes were probed overnight at 4°C with anti-CRF-R2 (Novus, CO,
US), anti-tubulin (Merck-Sigma-Aldrich, MI, US), anti-HMOX1 (Cell Signaling,
MA, US), anti-AIFM1 (Cell Signaling, MA, US) and anti-GAPDH (Sigma-Aldrich,
MI, US), in TTBS with 1% of BSA. After washing, membranes were incubated for
45 min at room temperature with a horseradish peroxidase conjugated with anti-
IgG (Cell Signaling, MA, US). Detection was performed in the ImageQuant LAS
4000 mini (GE Healthcare, IL, US). Images were analyzed with Image] software.

Statistical analysis

Analyzes were performed with GraphPad (GraphPad Software, Inc., CA, US),
using Shapiro-Wilk as normality test. For normally distributed variables we used
the Ordinary one-way ANOVA, and we performed the multiples comparisons
using t test without correction (Fisher’s LSD test). We also used the non-
parametric test Kruskal-Wallis with multiple comparisons corrected by Dunn’s
Test for non-normally distributed variables. Values were subjected to Log-
transformation to represent numerical features in the dataset to have a mean of 0

and a variance of 1 and to express data as “Relative gene/miR expression (Log
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Fold Change)”. The outliers were removed based on results of QuickCalcs, an

online tool of Graphpad. Results are presented as the mean + SEM.
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TABLE 1. Data summary (mean + SEM) of hemodynamic parameters evaluated in rats 1 week
after surgery in the following experimental group: Sham, “I/R”, and “I/R + Ucn-2”. LVdD is for
left ventricle diastolic diameter; LVEF: left ventricle ejection fraction; LVEdV: left ventricle end-
diastolic volume; LVES: left ventricle fractional shortening; LVEsV: left ventricle end-systolic

volume. “*” and “#” indicate significance at p < 0.05 in Sham vs I/R and I/R vs IR+Ucn2,

respectively.

LVEdV (ml)  LVEsV (ml) LVdD (mm) LVEF (%) LVFS (%)
Sham (n=10) 0.42+0.02 0.12+0.01 591+0.18 71.84+1.23 19.98 +1.90
I/R (n=12) 0.50 £ 0.03" 0.20 +0.02" 6.85+0.27° 60.16 +£2.04" 16.77 £1.1"
I/R + Ucn-2 (n=15)  0.40 £0.02* 0.13 £0.01# 6.46 £ 0.16 66.43 + 0.68"# 18.16 +3.20
FIGURE LEGENDS

FIGURE 1. I/R increases of circulating urocortin-2 level and the expression of
CREF-R2. (A) Bar graph shows the concentration of circulating Ucn-2 in serum of
rats from sham, I/R 1 week (I/R 1w) and 6 weeks (I/R 6w) after surgery (n="7-11).
(B) Plot of western blot and bar graph summarizing the expression of CRF-R2
expression and tubulin in rats’ heart from sham, I/R (1 and 6 weeks) after surgery
(n = 8). Values are means + SEM. “**” and “***” indicate significance at p <0.01
and p <0.001, respectively.

FIGURE 2. Urocortin-2 improves contractility and prevents I/R-induced
fibrosis. (A) Representative M-mode echocardiographic images evaluated 1

week after the intervention in Sham, I/R rats, and in rats infused with 150 ug/Kg
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Ucn-2 (I/R + Ucn2). (B) Representative in vivo cardiac magnetic resonance images
taken from I/R and I/R + Ucn-2 rats. Gadolinium was used as contrast. The fibrotic
area is delimited by yellow lines. (C) Bar graph showing summary data of fibrotic
areas in I/R and I/R + Ucn-2 rats. (D) Panel shows representative Masson’s
trichrome staining of transverse heart sections from I/R and I/R + Ucn-2. Healthy
tissue is stained by red, while fibrotic tissue in the infarcted zone is stained in
blue. (E-H) Bar graphs show the effect of Ucn-2 on the expression of pro-fibrotic
genes, collagen I (Col-1, E), collagen III (Col-11I, F), Transforming growth factor f1
(Tef-p1, G), and Tgf-p2 (H), examined in the risk zone of the infarcted hearts 1
week after surgeries. Samples were from “Sham”; I/R and I/R + Ucn-2. Gene’s
relative expression was calculated using the 224“method after normalization to
the internal control (-actin. Data are relative expression of Log fold change of
means + SEM (n = 4-8). “*”, “**7 “¥¥*¥7 and “****” indicate significance at p <0.05,
p<0.01, p<0.001 and p <0.0001, respectively.

FIGURE 3. Urocortin-2 attenuates the release of LDH and apoptosis. (A) Bar
graph shows the level of LDH in the serum of rats from Sham, I/R and I/R + Ucn-
2, 24 h after surgery. (B) Representative snapshot of Tunnel staining (green) in
adult heart section from rats of the three experimental groups. Top: images taken
with a 10X objective, scale bar = 1 mm. Bottom: images cropped from upper ones.
(C) Representative images of heart sections stained for detection of cleaved
caspase 3 (upper panel) captured with a 40X objective, scale bar = 100 um. Lower

panel shows merge images of heart’s section stained with caspase 3 in red, wheat
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germ agglutinin (WGA) in green and DAPI in blue used for nuclear staining. (D)
Representative images of annexin V (green) staining in adult cardiac myocytes
cells. Images are from untreated cells (control), and from cells exposed to I/R (30
min/24 h each) + Ucn-2 (30 nM). Image were taken with a 20X objective, scale bar
=100 um. (E, F) Summary data showing the percentage of unstained live cardiac
myocytes, and annexin V-labeled cells related to control. Values are means + SEM
(n=4-6). 7, “**” and “***” indicate significance at p <0.05, p <0.01 and p <0.001,
respectively.

FIGURE 4. miRNAs expression in serum and heart tissue of STEMI patients,
and in rat cardiac ventricle risk zone. (A) Bar graph summarizing microarray
results indicating release of circulating miRNAs examined in the serum of STEMI
patients 3-6 h after primary percutaneous coronary intervention. (B) Bar graph
shows the detection of selected miRNAs in the atrium of ischemic patients with
heart failure. ACt represents the level of Ct of miRNAs compared to the
endogenous control. Values are means + SEM (n = 8-10). (C-H) Bar graphs show
the expression of miR-29a (C), miR-103 (D), miR-133 (E), miR-339-5p (F), miR-
423 _1 (G) and miR-451_1* (H) examined in the risk zone of the infarcted heart of
sham, I/R and I/R+Ucn-2, 24 h and 1 week after surgery. Relative expression
levels were calculated using the 242 method after normalization to the
expression of the endogenous control miRTC1. Values are relative expression of
Log fold change of means + SEM (n = 4-6). “*”, “**7 %7 and “***” indicate

significance at p <0.05, p<0.01, p<0.001 and p <0.0001, respectively.
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FIGURE 5. miR-29a and miR-451_1* are predicted to target apoptosis-related
genes. (A) PANTHER analysis showing the predicted pathways go be targeted
by miR-29a, miR-103, miR-133, miR-339-5p, miR-423_1 and miR-451_1*. The pink
and grey slice in the pie chart highlight predicted genes related to apoptosis and
fibrosis. (B) Number of predicted target genes for each miRNA. (C-E) Graphs
show of the expression of 76 dysregulated genes examined using samples (n = 4)
from NRVM exposed to I/R (C), and from NRVM transfected with mimics of
miR-29a (D) and miR-451_1* (E) in I/R. Inserts show numbers and percentage of
upregulated and downregulated genes in each condition.

FIGURE 6. miR-29a regulates apoptotic and fibrotic genes under I/R, and
signaling pathway of miR-29a regulation by Ucn-2. (A-F) Bar graphs showing
the expression of Apaf-1, Aifm-1, Bcl-2, Cycs, Hmox-1 and Mapk-8, in control, in
non-transfected NVRM under I/R (orange), and in NRVM transfected with miR-
29a (red) and 451_1* (green). (G, H) Bar graphs showing the expression of Col- I
and Col-1II in similar conditions as in above. (I) Bar graph shows the expression
of miR-29a examined in untreated NRVM “Control”, in NRVM under “I/R”, in
NRVM treated with Ucn-2 (10 nM) before reperfusion “I/R + Ucn-2”, and in
NRVM pretreated with Astressin (1 pM) to inhibit CRF-R2 “I/R+Ucn-2+Ast”, H89
(1 uM) to inhibit PKA “I/R+Ucn-2+H89”, ESI-05 (10 pM) to block Epac2 “I/R+Ucn-
2+ESI”, and PD 098059 (5 uM) to inhibit ERK1/2 “I/R+Ucn-2+PD”. Ucn-2 was
added before reperfusion. Relative expression levels were calculated using the

282t method after normalization with the expression of the endogenous control
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B-actin for genes and miRTC1 for miR-29a. Values are expressed as relative
expression of Log fold change of means + SEM (n = triplicate of 3-4 cell culture).
o and 7 indicate significance at p<0.05, p<0.01, and p<0.0001,
respectively.

FIGURE 7. Expression of apoptotic genes and protein I/R rat model. (A-D) Bar
graphs showing the relative expressions of Hmox-1, Aifm-1, Apaf-1, and Cycs
calculated using the 224t method after normalization with the expression of the
endogenous control (-actin. (E-G) Representative immunoblots and summary
data of protein expression of HMOX-1, AIFM-1, and CYCS assessed by western
blots and normalized to their corresponding GAPDH expression. GAPDH blots
in 7F and 7G are the same. Samples were from sham, I/R, and I/R + Ucn-2 rats,
and were processed 24 h and 1 week after surgery. Values are from n=_3-4. “*”,
w7 and “***” indicate significance at p<0.05, p<0.01 and p<0.001 respectively.
FIGURE 8. Expression of apoptotic genes in left ventricles of ischemic patients
with heart failure. (A) Bar graph showing the expression of Hmox-1, Mapk-§,
Cycs, Apaf-1, and Aifm-1, in ventricle biopsies from ischemic patients with heart
failure, as compared to a healthy ventricle. (B-F) Graphs showing linear
regression analysis using the percentage of the left ventricular ejection fraction
(LVEF) vs the expression of Hmox-1, Mapk-8, Cycs, Apaf-1, and Aifm-1. Relative
expression levels were calculated using the 242 method after normalization

with the expression of the endogenous control $-actin. Values are expressed as
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relative expression of Log fold change of means + SEM (n=7). “*”, “**” and “****”

indicate significance at p<0.05, p<0.01 and p<0.0001 respectively.
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eTOC Synopsis

Mayoral-Gonzalez et al. used heart samples from ischemic patients and animal
models to demonstrate the sustained protective role of Urocortin-2, which
induced changes in the expression of miR-29a and specific genes associated
with cardiomyocyte death and fibrosis, critical events in the progression of
adverse cardiac remodelling towards heart failure.



