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Myocardial infarction (MI), the globally leading cause of heart failure, morbidity and mortality, involves
post-MI ventricular remodeling, a complex process including acute injury healing, scar formation and
global changes in the surviving myocardium. The molecular mechanisms involved in adverse post-infarct
left ventricular remodeling still remain poorly defined. Recently, microRNAs have been implicated in the
development and progression of various cardiac diseases as crucial regulators of gene expression. We
previously demonstrated that in a murine model of pressure overload, a model of heart failure secondary
to aortic stenosis or chronic high blood pressure, elevated myocardial expression of miR-199b-5p is
sufficient to activate calcineurin/NFAT signaling, leading to exaggerated cardiac pathological remodeling
and dysfunction. Given the differences in left ventricular remodeling secondary to post-infarct healing
and pressure overload, we evaluated miR-199b function in post-MI remodeling. We confirmed that the
expression of miR-199b is elevated in the post-infarcted heart. Transgenic animals with cardiomyocyte-
restricted overexpression of miR-199b-5p displayed exaggerated pathological remodeling after MI, re-
flected by severe systolic and diastolic dysfunction and fibrosis deposition. Conversely, therapeutic
silencing of miR-199b-5p in MI-induced cardiac remodeling by using an antagomir to specifically inhibit
endogenous miR-199b-5p in vivo, resulted in efficient suppression of cardiac miR-199b-5p expression
and attenuated cardiac dysfunction and dilation following MI. Mechanistically, miR-199b-5p influenced
the expression of three predicted target genes in post-infarcted hearts, dual specificity tyrosine-
phosphorylation-regulated kinase 1A (Dyrk1a), the notch1 receptor and its ligand jagged1. In conclu-
sion, here we provide evidence supporting that stress-induced miR-199b-5p participates in post-infarct
remodeling by simultaneous regulation of distinct target genes.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Acute myocardial infarction (MI) is one of the major causes of
mortality and morbidity in humans [1]. MI occurs when blood
supply to the left ventricular (LV) wall of the heart is hindered due
to an occlusion in the coronary arteries [2] and consequently
leading to massive cardiomyocyte death. A complex remodeling
process is then initiated involving scar formation in the infarct
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zone, interstitial fibrosis in the border zone between the infarct and
non-infarct area, cardiomyocyte hypertrophy and capillary rare-
faction in the non-infarct remote zone. Eventually, these changes
provoke impaired cardiac contractility and, ultimately, heart failure
[3]. Moreover, post-infarction remodeling is associated with a
higher incidence of arrhythmia and sudden cardiac death [4].
Hence, therapeutic strategies targeting pathological remodeling
following MI could provide a promising strategy for post-MI
management and heart failure. In this regard, we and others have
identified a variety of stress-induced microRNAs (miRNAs) as reg-
ulators of crucial mechanisms in the development of heart failure
and acting as promising therapeutic targets [5e10]. These short
(~22 nucleotide) single stranded RNA molecules modulate gene
expression by binding to ‘seed regions’ on protein-coding
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transcripts and leading to translational inhibition or degradation of
mRNAs [11]. Importantly, a single miRNA likely simultaneously
targets dozens of mRNAs, while individual mRNAs display several
seed regions for different miRNAs, providing and enormous regu-
latory capacity for post-transcriptional gene regulation.

Previously, stress-induced miR-199b-5p was identified as a
potent regulator of pathologic cardiac hypertrophy by functioning
as an activator of calcineurin/nuclear factor of activated T-cell (CnA/
NFAT) signaling [5]. miR-199b-5p exerts its function by targeting
Dual-specificity tyrosine-phosphorylation regulated kinase 1a
(Dyrk1a), a nuclear kinase responsible for NFAT rephosphorylation
and translocation from the nucleus to the cytoplasm, essentially
acting as an inhibitor of CnA/NFAT signaling. Therapeutic inhibition
of miR-199b-5p by using a cholesterol-conjugated antagomir pro-
voked inhibition of cardiac CnA/NFAT activity, attenuated patho-
logical remodeling and preserved cardiac contractility after
pressure overload, identifying miR-199b-5p as a therapeutic target
to treat hypertension-induced forms of heart failure [5]. In the
present study, we aimed at exploring the function of miR-199b-5p
(referred to as miR-199b), if any, in post-infarct remodeling in the
mouse using gain-of-function and therapeutic silencing ap-
proaches. We confirmed that the expression of miR-199b is
elevated in the post-infarcted heart. Transgenic animals with
cardiomyocyte-restricted overexpression of miR-199b displayed
exaggerated pathological remodeling after MI, reflected by severe
systolic and diastolic dysfunction and fibrosis deposition.
Conversely, therapeutic silencing of miR-199b in MI-induced car-
diac remodeling by using an antagomir to specifically inhibit
endogenous miRNA-199b in vivo, resulted in efficient suppression
of cardiac miR-199b expression and attenuated cardiac dysfunction
and dilation following MI. Mechanistically, miR-199b influenced
the expression of three predicted target genes in post-infarcted
hearts, dual specificity tyrosine-phosphorylation-regulated kinase
1A (Dyrk1a), the notch1 receptor and its ligand jagged1. In
conclusion, here we provide evidence supporting that stress-
induced miR-199b participates in post-infarct remodeling by
simultaneous regulation of distinct target genes.

2. Material and methods

2.1. Mouse models

Mice used in this study were male and female B6129S2F1 wild-
type mice (Charles River Laboratories) of 2e6 months of age. Other
mice used in this study were transgenic mice overexpressing miR-
199b-5p in the postnatal myocardium under control of the 5.5 kb
murine alpha-myosin heavy chain (MHC) promoter (miR-199b TG)
[5]. Sample sizewas determined by a power calculation based on an
echocardiographic effect size. Randomization of subjects to exper-
imental groups was based on a single sequence of random as-
signments. Animal caretakers and investigators were blinded to
group allocation during the experiment and/or when assessing the
outcome. All protocols were performed according to institutional
guidelines and approved by local Animal Care and Use Committees.
All mice were housed on a 12hr:12hr light:dark cycle in a
temperature-controlled environment with ad libitum access to
water and chow at Innoser Netherlands BV, a commercial mouse
breeding company with a quarterly animal health monitoring
system that complies with FELASA guidelines and
recommendations.

2.2. Myocardial infarction and transthoracic echocardiography

Myocardial infarction (MI) was performed in 2e3 month-old
mice by permanent ligation of the left coronary artery as
previously described [13]. Sham-operated animals underwent the
same procedure without the occlusion of the left coronary artery.
For Doppler-echocardiography, mice were shaved, lightly anaes-
thetized with isoflurane (mean 1% in oxygen) and allowed to
breathe spontaneously through a nasal cone. Non-invasive, echo-
cardiographic parameters were measured using a digital cardiac
ultrasound platform (Vevo 770, VisualSonics, Toronto, Canada), and
employing a single-element mechanical transducer with a center
frequency of 30 MHz, (M � and B-mode), on self-breathing mice
under anesthesia (2% isoflurane and 98% oxygen) to evaluate left
ventricular dimensions and function [5]. In M-mode, the following
parameters were obtained: AWthd, anterior wall thickness in
diastole; LVIDd, left ventricular internal diameter in diastole;
PWthd, posterior wall thickness in diastole; AWths, anterior wall
thickness in systole; LVIDs, left ventricular internal diameter in
systole; PWths, posterior wall thickness in systole; PWths, poste-
rior wall thickness in systole; LVmass, left ventricular mass and FS,
fractional shortening.

2.3. Antagomir administration

Chemically modified antisense oligonucleotides designed to
target mmu-miR-199b-5p (50-GAACAGGUAGUCUAAACACUGGG//
3CholTEG-3'; antagomir-199b) with a 30 cholesterol conjugation
and 2 phosphorothioate (PT) bonds at the very first 50 end and 4 PT
bonds between the last 30 bases [14] was synthesized at Integrated
DNA Technologies (IDT, Leuven, Belgium). As control we generated
an antagomir against C. elegans miR-39-5p (50-AAGGCAAGCU-
GACCCUGAAGUU-30/3CholTEG-30), which does not target
mammalian sequences (antagomir-ctrl). Female and male
B6129S2F1 mice were first subjected to sham or MI surgery and
injected intraperitoneally with antagomir-199b (80 mg/kg body
weight dissolved in sterile PBS) or antagomir-ctrl for 3 consecutive
days.

2.4. Quantitative real-time PCR

Total RNA (1 mg) was applied to either miR-based or mRNA-
based reverse transcription. Real-time PCR was performed on a
BioRad iCycler (Biorad) using SYBR Green. Transcript quantities
were compared using the relative Ct method, where the amount of
target normalized to the amount of endogenous control (L7 or U6
for mRNAs or miRNAs, respectively) and relative to the control
sample is given by 2eDDCt. Primers used for protein-coding tran-
scripts are provided in Supplementary Table 1. For microRNA real-
time PCR, miRNAs were isolated with TRIzol reagent (Invitrogen)
and cDNA was generated with the miScript Reverse Transcription
Kit (Qiagen). For real-time PCR detection of miRNAs, miScript
Primer Assays and the miScript SYBR Green PCR Kit (Qiagen) were
used. Primers for miRNA detection included miR-199b-5p, 50-
CCCAGTGTTTAGACTACCTGTTC and Universal reverse 50-
GAATCGAGCACCAGTTACGC.

2.5. Western blotting

SDS PAGE electrophoresis and blotting were performed as pre-
viously described [15]. In short, whole tissue or cell lysates were
produced in RIPA buffer supplemented with PhosSTOP (Roche) and
Protease inhibitor cocktail (Roche). Subsequently samples were
boiled in 4� Leammli 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/TBS-Tween. Primary antibody labeling was
performed overnight at 4 �C. Secondary IgGehorseradish peroxi-
dase (HRP)-conjugated antibodies were applied for 2 h at room
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temperature. Following incubation with an antibody, blots were
washed for 3 � 10 min in TBS-Tween. Images were generated using
Supersignal West Dura Extended Duration 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 control group
in densitometric arbitrary units. Primary antibodies that were used
included rabbit polyclonal anti-Dyrk1A (Santa Cruz, 1:500), mouse
monoclonal anti-a-tubulin (Sigma, 1:1000). Secondary antibodies
included polyclonal rabbit anti-mouse IgGeHRP (DAKO, 1:5000)
and polyclonal swine anti-rabbit IgGeHRP (DAKO, 1:5000).
2.6. Histological analysis and (immunofluorescence) microscopy

For histological analysis, hearts were arrested in diastole,
perfusion-fixed with 4% paraformaldehyde, embedded in paraffin
and cut into 4-mm sections. Paraffin sections were stained with
haematoxylin and eosin (H&E) for routine histological analysis;
Sirius Red for detection of fibrillar collagen and FITC-labeledwheat-
germ-agglutinin (WGA) to visualize and quantify the cell cross-
sectional area. Cell surface areas and infarct size were determined
using ImageJ software. Sirius Red stained sections were used to
determine the infarct size. Epicardial infarct ratio was obtained by
dividing the epicardial infarct lengths by the epicardial circumfer-
ences from all sections. Endocardial infarct ratio was calculated
similarly. Infarct size derived from this approach was calculated as
[(epicardial infarct ratio þ endocardial infarct ratio)/2] � 100 [16].
Slides were visualized using a Leica DM 2000 for bright field and
Leica DM3000 for fluorescence imaging.
Fig. 1. Cardiac specific overexpression of miR-199b sensitizes the heart to MI. (a) Real-tim
199b transgenic mice (TG) subjected to either sham or MI. Rnu6-2 was used as a reference
echocardiography, in WT and miR-199b transgenic mice (TG) after 4 weeks of either sham or
(d) early to late ventricular filling velocity (E/A). (e) Real-time PCR analysis of transcript abu
skeletal actin (acta1) and b�myosin heavy chain (myh7) in the hearts from WT or miR-199
(mean ± s.e.m.).
2.7. microRNA target prediction

Putative microRNA-199b target genes were identified using the
microRNA databases and target prediction tools miRBase (http://
microrna.sanger.ac.uk/), PicTar (http://pictar.mdc-berlin.de/) and
TargetScan (http://targetscan.org/index.html).

2.8. Statistical analysis

The results are presented as mean ± standard error of the mean.
Statistical analyses were performed using Prism software (Graph-
Pad Software Inc.), and consisted of ANOVA followed by Tukey's 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.

3. Results

3.1. Cardiac overexpression of miR-199b exacerbates LV remodeling
following MI

We have previously established the therapeutic potential of
targeting miR-199b in a murine model of pressure overload-
induced heart failure [5]. In the present follow-up study we
aimed at determining the involvement of miR-199b, if any, during
pathological cardiac remodeling induced by myocardial infarction
(MI). To this end, wild-type (WT) and cardiac-specific miR-199b
transgenic mice (miR-199b TG or TG) [5], were subjected to either
sham surgery or MI for 4 weeks. WT animals displayed increased
cardiac miR-199b expression levels when subjected to MI
compared to the sham group (Fig. 1a). As expected, higher miR-
199b expression was observed in transgenic hearts compared to
e PCR analysis ofmiR-199b transcript abundance in hearts fromwild type (WT) or miR-
gene for normalization. (b-d)Assessment of cardiac functional parameters by cardiac
MI surgery: (b) fractional shortening (FS), (c) LV internal diameter at systole (LVIDs) and
ndance for the fetal gene markers natriuretic peptide atrial natriuretic factor (nppa), a-
b transgenic mice (TG), 4 weeks after either sham or MI operation. n ¼ 6e9, *P < 0.05
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Table 1
Morphometric and echocardiographic characteristics of WT and miRNA-199b TG mice subjected to 4 weeks of sham or MI.

Sham MI

WT miR-199b TG WT miR-199b TG

n 11 8 7 13
HW/BW 4.61 ± 0.09 4.31 ± 0.18 6.30 ± 0.59* 6.10 ± 0.25*
HW/TL 6.82 ± 0.21 7.06 ± 0.23 7.99 ± 0.19* 8.83 ± 0.21*#
LV mass (mg) 187.72 ± 13.42 208.11 ± 19.52 354.71 ± 9.24* 343.03 ± 19.48*
LV mass/BW (mg/g) 5.89 ± 0.73 5.50 ± 0.67 12.48 ± 0.40* 9.50 ± 0.56*#
LV mass/TL (mg/mm) 8.5 ± 0.54 8.9 ± 0.81 14.78 ± 1.16* 15.51 ± 0.93*
IVSd (mm) 1.59 ± 0.08 1.64 ± 0.10 2.09 ± 0.07* 2.06 ± 0.09*
IVSs (mm) 1.22 ± 0.12 1.61 ± 0.08* 1.87 ± 0.09* 1.84 ± 0.11*
LVIDd (mm) 3.57 ± 0.18 3.83 ± 0.58 4.58 ± 0.18* 4.52 ± 0.22*
LVIDs (mm) 2.08 ± 0.15 2.18 ± 0.11 3.85 ± 0.13* 4.30 ± 0.15*#
LVPWd (mm) 1.31 ± 0.02 1.40 ± 0.08 1.64 ± 0.06* 1.38 ± 0.06*#
LVPWs (mm) 2.29 ± 0.05 2.15 ± 0.11 1.48 ± 0.08* 1.71 ± 0.04*#
FS (%) 41.73 ± 3.25 43.08 ± 2.57 22.69 ± 2.59* 16.01 ± 1.32*#

E/A (mm/s) 1.59 ± 0.06 1.68 ± 0.06 1.79 ± 0.09 2.24 ± 0.06*#

Data are expressed as means ± SEM. HW, heart weight; BW, body weight; TL, tibia length; LV, left ventricular; IVSd, interventricular 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; FS, fractional shortening; E/A, Doppler E/A ratio. *,
indicates P < 0.05 vs wt-sham group; #, indicates P < 0.05 vs experimental group.

Fig. 2. miR-199b overexpression results in exaggerated fibrosis in the border zone during post-myocardial infarct remodeling. (a) Representative images of whole hearts (top
panels) or wheat-germ agglutinin (WGA)-labeled (lower panels) histological sections, (b) gravimetric analysis of corrected heart weights and (c) quantification of cardiomyocyte
surface area of WT or miR-199b transgenic (TG) mice hearts after either 4 weeks of sham or MI surgery. (d) Quantification of infarct sizes in WT and miR-199b transgenic (TG)
animals, 4 weeks after MI. (e) Representative images of Sirius red-stained histological sections and (f) quantification of collagen deposition in the border zone of WT or miR-199b
transgenic (TG) hearts after MI. n ¼ 6e10, *P < 0.05 (mean ± s.e.m.).
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WT mice. All animals subjected to 4 weeks of MI developed severe
cardiac dysfunction as evidenced by decreased fractional short-
ening (FS), a parameter of systolic function, and increased left
ventricular internal diameters (LVIDd), indicating a profound dila-
tion post-infarction (Fig. 1b and c; Table 1). TG mice developed
severe systolic dysfunction compared toWTanimals indicating that
increased miR-199b expression levels sensitized the heart to MI-
induced dysfunction (Fig. 1b). We also observed diastolic dysfunc-
tion in all experimental post-MI groups as evidenced by an
increased E/A ratio (‘E’ early; ‘A’ late ventricular filling velocity
measured by mitral valve Doppler; Fig. 1d; Table 1), but only post-
infarcted TG animals displayed an E/A ratio above 2, indicating
restrictive filling of the LV. The observed cardiac phenotypes
correlated with increased transcript abundance of cardiac stress



Fig. 3. Pharmacological inhibition of miR-199b attenuates cardiac dysfunction following MI. (a) Real-time PCR analysis of miR-199b expression levels in the LV of antagomir-
control or antagomir-199b-treated animals after subjection to either 4 weeks of sham or MI. Rnu6-2 was used as a reference gene for normalization. (b,c) Quantification of (b)
fractional shortening (FS) and (c) LV internal diameter at systole (LVIDs) by echocardiography in antagomir-control or antagomir-199b-treated mice after subjection to 4 weeks of
either sham or MI. (d) Representative images of WGA-labeled cardiac histological sections from mice subjected to sham or MI, and treated either with antagomir-control or
antagomir-199b. (e) Quantification of cardiomyocyte surface area in histological sections from mice subjected to sham or MI, and treated either with antagomir-control or
antagomir-199b. (f) Gravimetric analysis of corrected hearts weights of animals that underwent sham or MI surgery and after treatment with antagomir-control or antagomir-199b.
(g) Real-time PCR analysis of transcript abundance of the fetal gene markers: natriuretic peptide atrial natriuretic factor (nppa), b�myosin heavy chain (myh7) and the sarcomeric
proteins a-skeletal actin (acta1) in antagomir-control or antagomir-199b treated mice after subjection to 4 weeks of sham or MI. (h) Real-time PCR analysis of transcript abundance
of fibrosis related genes: collagen type I alpha 2 chain (col1a2), collagen type 3 alpha 1 chain (col3a1) and fibronectin-1 (fn1) in antagomir-control or antagomir-199b treated mice
after subjection to 4 weeks of sham or MI. n ¼ 8e13 *P < 0.05 (mean ± s.e.m.).
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genes (Fig. 1e) including atrial natriuretic factor (Nppa), a-skeletal
actin (Acta1) and b-myosin heavy chain (Myh7). Taken together,
these results indicate that cardiac miR-199b overexpression
sensitizes the myocardium to geometric post-infarction remodel-
ing, cardiac dysfunction and the induction of stress marker gene
expression.
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Next, we evaluated the extent of cardiac hypertrophic growth
and fibrotic scar formation following MI [3,17]. Although post-
infarcted hearts displayed increased heart weights, this effect was
exacerbated in TG animals. Accordingly, cross-sectional car-
diomyocytes surface areas were increased after MI with the cells
being slightly more hypertrophic in the TG animals (Fig. 2c). This
finding of mild increase in cardiac cell hypertrophy in the TG ani-
mals after MI, in combination with the observed exaggerated
dilation response secondary to MI suggests that miR-199b over-
expression promotes a switch from concentric to eccentric hyper-
trophy response in the viable myocardium after MI. Next, we
investigated infarct scar size, a main determinant of outcome after
MI [18]. Although the scar size on the left anterior wall distal to the
occluded LAD was comparable betweenWTand TG hearts (Fig. 2d),
the amount of fibrosis in the border zone of TG hearts was more
extensive compared toWT hearts (Fig. 2e and f). Conclusively, miR-
199b overexpression promotes, on the one hand, a mild cardiac
concentric hypertrophic phenotype in the viable remote myocar-
dium, and on the other hand, LV dilatation. Furthermore, it does not
influence infarct healing but stimulates exaggerated fibrotic
deposition in the remote myocardium in post-infarcted hearts.

3.2. In vivo miR-199b silencing attenuates post-infarction
remodeling

Next, we evaluated post-infarction remodeling following an
in vivo silencing approach for miR-199b. To this end, animals were
randomized to either receive antagomir-control or antagomir-199b
treatment for 3 consecutive days before being subjected to sham or
MI surgery. We observed that while miR-199b expression was
augmented in the LV after MI in antagomir-control treated mice,
miR-199b was effectively silenced in the myocardium after
administration of antagomir-199b (Fig. 3a). As expected,
antagomir-control treated mice developed severe systolic
dysfunction and LV dilation following MI (Fig. 3b and c; Table 2).
Interestingly, infarcted mice receiving antagomir-199b demon-
strated a clear attenuation of cardiac dysfunction accompanied by a
mild suppression of myocardial dilation (Fig. 3b and c; Table 2).
Histological analysis demonstrated that cross-sectional surface
areas of cardiomyocytes were increased to the same extent in
antagomir-control or antagomir-199b-treated mice following MI
(Fig. 3d and e), which was also reflected at the whole organ level by
measuring heart weight-to-tibia length ratios (Fig. 3f). No major
Table 2
Morphometric and echocardiographic characteristics of mice subjected to 4 weeks of sh

Sham

Antagomir-control Antagom

n 13 8
HW/BW (mg/g) 7.16 ± 0.43 5.65 ± 0
HW/TL (mg/mm) 7.07 ± 0.28 6.47 ± 0
LV mass (mg) 95.01 ± 6.51 113.32 ±
LV mass/BW (mg/g) 4.04 ± 0.22 4.42 ± 0
LV mass/TL (mg/mm) 4.32 ± 0.43 4.97 ± 0
IVSd (mm) 0.99 ± 0.03 1.02 ± 0
IVSs (mm) 1.46 ± 0.05 1.49 ± 0
LVIDd (mm) 3.70 ± 0.10 3.83 ± 0
LVIDs (mm) 2.19 ± 0.12 2.38 ± 0
LVPWd (mm) 0.79 ± 0.06 0.92 ± 0
LVPWs (mm) 1.20 ± 0.05 1.35 ± 0
FS (%) 40.81 ± 2.02 37.85 ±
E/A (mm/s) 1.40 ± 0.05 1.24 ± 0

Data are expressed as means ± SEM. HW, heart weight; BW, body weight; TL, tibia leng
interventricular septal thickness at end-systole; LVIDd, left ventricular internal dimensio
left ventricular posterior wall thickness at end-diastole; LVPws, left ventricular posteri
indicates P < 0.05 vs wt-sham group; #, indicates P < 0.05 vs experimental group.
inhibition of stress marker gene induction was observed between
infarcted mice receiving either antagomir-control or antagomir-
199b (Fig. 3g). As we did not detect major differences regarding
scar size and collagen deposition at the histological level (data not
shown), we also assessed the expression levels of several fibrosis-
related genes such as collagen type I alpha 2 chain (col1a2),
collagen type 3 alpha 1 chain (col3a1) and fibronectin-1 (fn1)
(Fig. 3h). Whereas for the collagens there was reduced mRNA
expression in the mice treated with antagomir-199b but this effect
did not reach statistical significance, we did observe significant
reduction in fibronectin1 expression in the mice treated with
antagomir-199b compared to the control group (Fig. 3h). In
conclusion, our in vivo silencing approach for miR-199b shows
therapeutic effects on post-infarction remodeling in mice, with
pronounced improvement of systolic contractility, reduction of LV
dilation and reduced fibrosis-related gene expression, but no major
differences in cardiomyocyte hypertrophy or “fetal” gene induction
in the remote myocardium.

3.3. Downstream effectors of miR-199b in post-MI remodeling

Next, we investigated the mechanisms by which miR-199b may
induce an exaggerated cardiac dysfunction and LV remodeling
followingMI. Our group earlier established that miR-199b exerts its
pro-hypertrophic function in the pressure-overloaded heart by
regulating signaling strength of the calcineurin/nuclear factor of
activated T-cell (CnA/NFAT) pathway. In line, we found Rcan1-4
transcript expression, a sensitive marker of cardiac NFAT activity,
upregulated in response to MI, indicative of activation of this
signaling pathway following MI. However, no additional activation
was discernable in post-infarcted TG mice with miR-199b over-
expression (Fig. 4a). We also could not observe differences in
transcript or abundance or protein expression of Dual-specificity
tyrosine-phosphorylation regulated kinase 1a (Dyrk1a), a previ-
ously validated target gene of miR-199b in the myocardium
(Fig. 4bed). Conversely, we also evaluated Rcan1-4 and Dyrk1a
transcript abundance in the experimental infarction groups
receiving antagomir-control or antagomir-199b. Although the data
show no significant differences for both transcripts (Fig. 4e and f),
western blot analysis revealed an increase in Dyrk1a expression
levels in infarcted hearts after antagomir-199b treatment (Fig. 4g
and h). Altogether, these data suggest that miR-199b silencing in
the post-infarcted heart may still involve CnA/NFAT signaling by
am or MI and treated either with antagomir-control or antagomir-199b.

MI

ir-199b Antagomir-control Antagomir-199b

11 11
.81 8.28 ± 1.03 8.64 ± 0.53
.76 9.01 ± 0.43* 9.06 ± 0.67*
6.01 151.71 ± 24.18* 182.29 ± 14.30*

.17 5.58 ± 0.28* 6.93 ± 0.46*#

.51 6.94 ± 0.23* 7.99 ± 0.33*

.05 0.84 ± 0.08 0.87 ± 0.08

.06 1.21 ± 0.10* 1.19 ± 0.10*

.12 4.97 ± 0.28* 5.20 ± 0.25*

.16 3.91 ± 0.33* 3.55 ± 0.28*

.04 0.92 ± 0.07 1.04 ± 0.09*

.05 1.23 ± 0.08 1.29 ± 0.07
2.36 21.32 ± 2.69* 31.73 ± 1.74*#
.04 1.36 ± 0.07 1.33 ± 0.05

th; LV, left ventricular; IVSd, interventricular septal thickness at end-diastole; IVSs,
n at end-diastole; LVIDs, left ventricular internal dimension at end-systole; LVPwd,
or wall thickness at end-systole; FS, fractional shortening; EF, ejection fraction. *,



Fig. 4. Improved cardiac function after pharmacological inhibition of miRNA-199b involves CnA/NFAT signaling. (a,b) Real-time PCR analysis of transcript abundance of (a)
rcan1-4 and (b) dyrk1a in WT or miR-199b transgenic (TG) murine hearts after subjection to 4 weeks of sham or MI. (c) Western blot analysis of endogenous Dyrk1a and aTubulin in
WT or miR-199b transgenic (TG) murine hearts after subjection to 4 weeks of sham or MI. (d) Quantification of aTubulin-corrected Dyrk1A western blot signals from (c). (e,f) Real-
time PCR analysis of transcript abundance of (e) rcan1-4 and (f) dyrk1a in hearts from mice subjected to sham or MI, and treated either with antagomir-control or antagomir-199b.
(g) Western blot analysis of endogenous Dyrk1a and aTubulin in murine hearts subjected to sham or MI, and treated either with antagomir-control or antagomir-199b. (h)
Quantification of aTubulin-corrected Dyrk1A western blot signals from (g). n ¼ 5e9 *P < 0.05 (mean ± s.e.m.).
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direct regulation of Dyrk1a expression, but to a less extent than
what we previously observed in pressure-overloaded hearts [5].
Therefore, we conclude that miR-199b expression promotes
adverse remodeling and cardiac dysfunction following MI in a
response that must require additional target genes to play a syn-
ergistic effect along with specific players of CnA/NFAT signaling.

Because miRNAs target multiple transcripts by virtue of the
presence of a specific seed region, we evaluated the expression of
additional miR-199b target genes in post-infarcted hearts. To this
end, we analyzed target prediction databases for miR-199b and
identified two members of the Notch signaling pathway as poten-
tial targets of miR-199b, Notch1 and Jagged1. The Notch pathway is
of particular interest here because increased activity of Notch1 in
the adult heart after a cardiac insult has been associated with
beneficial effects on cardiac function and remodeling [19e25].
Moreover, Jagged1 is a validated direct target of miR-199b and an
inverse correlation between miR-199b and Notch1 expression in
cancer cells was previously demonstrated [26e28]. The sequence
alignments between mature mmu-miR-199b-5p and sequences in
the 30UTR of Jagged1 and Notch1 displayed perfect sequence
complementarity between the transcripts and miR-199b (Fig. 5a).
In line, we found that transcript abundance for both Jagged1 and
Notch1 were enhanced in WT post-infarcted hearts, while in TG
animals subjected to MI their expression was at control level



Fig. 5. miR-199b regulation of post-MI cardiac remodeling involves the Notch
signaling pathway. (a) Sequence alignment of human miR-199b seed region and
30UTRs of human and mouse notch1 and jagged1. (b,c) Real-time PCR analysis of
transcript abundance of (b) notch1 and (c) jagged1 in WT or miR-199b transgenic (TG)
murine hearts after 4 weeks of sham or MI. (d,e) Real-time PCR analysis of transcript
abundance of (b) notch1 and (c) jagged1 in murine hearts subjected to sham or MI, and
treated either with antagomir-control or antagomir-199b. n ¼ 4e6 *P<0.05
(mean ± s.e.m.).
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(Fig. 5b and c). Vice versa, the hearts of WT mice receiving
antagomir-199b displayed a clear derepression of both Jagged1 and
Notch1 transcripts (Fig. 5d and e). Conclusively, these results
demonstrate that miR-199b acts as a negative regulator of the
protective Notch signaling pathway during LV remodeling
following MI.

4. Discussion

Our study suggests that under volume overload conditions, miR-
199b is still able to affect CnA/NFAT signaling by direct regulation of
Dyrk1A expression but also interferes with the Notch pathway
during pathological remodeling after myocardial infarction (MI),
which is associated with elevated levels of fibrosis in the border
zone. We detected activation of the CnA/NFAT signaling pathway in
the LV of MI-subjected hearts by measuring transcript levels of
calcineurin 1 isoform 4 (Rcan1-4), a sensitive target gene activated
by CnA/NFAT and often used to evaluate signaling strength of this
cascade [29]. We observed higher Rcan1-4 expression levels in
hearts from mice receiving myocardial infarction, suggesting that
CnA/NFAT signaling is indeed activated in the post-infarcted heart
as observed previously by us [13]. In contrast, Dyrk1a transcript
levels, a previously validated target of miR-199b, were not dysre-
gulated in LV after MI, which in part may explain why we did not
observe a further activation of pathological CnA/NFAT signaling in
post-infarcted hearts from transgenic mice [5]. In line, the cardiac
hypertrophic response induced by MI was also similar in both miR-
199b transgenic and WT animals providing another piece of evi-
dence for a seemingly equal activation of CnA/NFAT signaling
regardless of miR-199b overexpression [30e32]. While miR-199b
knockdown does not affect Dyrk1a transcript levels, we observed
an increase in protein expression levels in hearts that receivedmiR-
199b antagomir treatment after undergoing a myocardial infarct.
Nevertheless, antagomir treatment seems to have amilder effect on
Dyrk1A expressionwhen compared to our previous observations in
pressure overloaded hearts [5]. All in all, our data implies that miR-
199b in post-infarct remodeling may exert a slightly different
function through regulation of different downstream targets
compared to situations where pressure overload ensues maladap-
tive hypertrophy.

Target prediction databases and literature searches highlighted
two additional targets of miR-199b, Notch1 and Jagged1, both pre-
viously associated with MI-induced cardiac remodeling. Previously,
it was demonstrated that miR-199b is involved in chemotaxis
resistance of ovarian cancer via targeting Jagged1 and thereby
altering the Notch signaling pathway [26]. In meduloblastoma cells,
miR-199b impairs the engrafting potential in the cerebellum of
athymic/nude mice by influencing Hes1 expression, a transcription
factor of the Notch pathway [27,28]. Finally, miR-199b is also a key
modulator of endothelial cell differentiation derived from induced
pluripotent stem cells by targeting the Notch ligand jagged1 [33].
Evolutionarily conserved, the Notch pathway is an essential
signaling cascade in the development of metazoans [34]. In mam-
mals, signal transduction is initiated once one of the four Notch
receptors (Notch1-4) interacts with membrane tethered ligands
such as jagged (jagged 1 and 2) and the delta-like (Delta-like 1, 3
and 4) family [34]. Both receptors and ligands are transmembrane
proteins involving the Notch pathway in the communication be-
tween two neighboring cells [35]. Upon ligand binding, activation
of Notch receptor is followed by proteolytic cleavage by TACE (TNF-
a converting enzyme) and the multicomponent g-secretase com-
plex to release the intercellular domain of Notch (NICD) and
allowing translocate to the nucleus. Once in the nucleus, a tran-
scription activator complex is formedwith the DNA binding protein
family CSL [CBF1/RBPJ-kappa/Su (H)/Lag1] [36,37] inducing the
transcription of Notch downstream target genes such as bHLH
(basic helix-loop-helix) repressors of the Hairy/enhancer of split
(Hes) family. The Hes family includes Hes-1 and Herp (Hairy-related
transcription factors) also known as Hey [38e40].

While mutations in the Notch signaling pathway have been
associated with human congenital heart defects including Alagille
syndrome, bicuspid aortic valve disease, calcification of the heart
valves, and ventricular septal defects [41e44], and the essential role
of Notch pathway during cardiac development has been experi-
mentally established [45], the function of Notch in the adult heart is
somewhat a matter of controversy [46]. Several of the aforemen-
tioned studies revealed induced Notch signaling activity in the
myocardium either by direct injection of a Notch1-activating anti-
body in the border zone or by cardiac-specific overexpression of
Jagged1, with both approaches leading to improved cardiac func-
tion following MI [20,25]. In our study, we also observed increased
Notch1 and Jagged1 expression after antagomir-199b treatment in
the sham-operated animals suggesting that these two genes act
downstream of miR-199b. Analysis of protein levels and target gene
validation experiments are still necessary to establish these two
genes as direct target genes of miR-199b involved in pathological
cardiac remodeling post-MI.
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In summary, we demonstrated that myocardial overexpression
of miR-199b results in exaggerated pathological remodeling in a
mousemodel of MI, while in vivo pharmacological silencing of miR-
199b using an antagomir approach had therapeutic functional ef-
fects. The observed effects may result from a synergism between
the CnA/NFAT and Notch signaling pathways. Given that stress-
induced miRNAs target a variety of genes, here we provided evi-
dence that miRNAs may regulate different targets and act on
different signaling pathways depending on the context of the
stress. Previously, miR-199b was shown to exert its function via
activation of the CnA/NFAT pathway in pressure overload-induced
cardiac remodeling whereas upon volume overload we observe a
milder effect on CnA/NFAT signaling but in addition, miR-199b also
exerts its cardio-protective effects by influencing the protective
Notch signaling pathway.
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