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Decreased miRNA-30c expression 
does not affect cardiac remodelling
Abstract
MiRNA-30c is highly expressed in the heart and deregulated during cardiac disease. 
Previously, this miRNA has been implicated in the regulation of cardiac fibrosis, 
cardiomyocyte hypertrophy and proliferation. Most of these findings were based on in 
vitro experiments and little is known about the in vivo function of miRNA-30c. Therefore 
we studied the in vivo effect of miRNA-30c down-regulation in the heart, both in a 
cardiomyocyte-specific transgenic sponge model and in two mouse models with systemic 
antimiR-30c treatment.
Our findings indicate that decreased miRNA-30c expression does not have an impact on 
cardiac function, either under normal or isoproterenol- and TAC-induced cardiac stress. 
We did find effects on cardiac hypertrophy and CTGF expression in some experimental 
settings, but the biological relevance of these effects remains to be established since they 
were not observed under all experimental conditions. Based on the present studies we 
conclude that although miRNA-30c is one of the most highly expressed miRNAs in the 
heart, its down-regulation has only a limited impact on cardiac function. Our findings 
also illustrate the importance of validating hypotheses in alternative experimental model 
systems.
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Introduction
MiRNAs constitute a class of post-transcriptional regulators of gene expression, which 
places them central in the regulation of many cellular processes. They act through 
complementary base-pairing to the 3’-UTR of an mRNA target, thereby interfering with 
its translation into protein. In the heart, miRNAs have been shown to regulate diverse 
biological functions like cardiomyocyte hypertrophy (1), cardiac fibrosis (2) apoptosis and 
angiogenesis (3). Expression studies identified several miRNAs that become differentially 
expressed during cardiac disease (4, 5). Among these deregulated miRNAs are members 
of the miRNA-30 family. Members of the miRNA-30 family have been previously implicated 
in the regulation of fibrosis (6, 7), cardiomyocyte hypertrophy (8), proliferation (9), 
apoptosis (10) and mitochondrial fission (11). Due to their cardiac expression and 
potential to regulate important pathways in cardiac function, they represent interesting 
miRNAs for additional investigations for their role in cardiac (patho-) physiology.
The miRNA-30 family consists of 5 members with a conserved seed sequence and are 
named miRNA-30a to miRNA-30e. Besides the conserved seed sequence they are 
highly homologous to each other, with only a few sequence differences between the 
family members.  Compared to miRNA-30c, miRNA-30b and miRNA-30e are the most 
homologous (Figure 1A). Little is known about the regulatory mechanisms that induce 
miRNA-30c expression, but the miRNA is differentially expressed during cardiac disease. 
We previously identified miRNA-30c to become downregulated during the pressure 
overload-induced progression towards heart failure (7). Additionally, we revealed its 
potential to inhibit cardiac fibrosis in vitro, via the targeting of connective tissue growth 
factor (CTGF) (7). In this chapter, we investigated whether down-regulation of miRNA-30c 
in vivo would affect fibrosis or other biological processes in the heart. For this purpose, we 
developed two mouse models in which miRNA-30c expression is inhibited.

Several approaches, like overexpression of miRNA sponges or systemic administration 
of antimiRs, can induce in vivo downregulation of miRNA expression. The principle of 
the miRNA sponge is not new and has already been applied in vitro and in vivo (12). 
MiRNA sponges are mRNA transcripts that contain multiple binding sites for the miRNA 
of interest. When these sponges are expressed in cells, they sequester miRNAs, thereby 
competing with endogenous miRNA targets for the binding of the miRNA (Figure 1B).  A 
miRNA sponge can be subcloned into an expression vector and integrated in the genome 
for stable transgenic expression in vivo. The use of cell-type specific promoters can thereby 
enhance tissue specificity, a feature that cannot be achieved by systemic administration 
of antimiRs. Previous studies have already established the ability of miRNA sponges 
to decrease miRNA expression while increasing the expression of their target mRNAs 
(12). The first successful application of this approach in vivo in animals studied the 
role of miRNA-8 during neuro-muscular junction formation in Drosophila (13). MiRNA 
sponges thus represent an interesting approach to study the role of miRNAs in vivo and 
our transgenic miRNA-30c sponge model represents one of the first attempts to decrease 
miRNA expression through the use of miRNA sponges in mammals.
Another approach to decrease miRNA expression in vivo makes use of antimiRs or related 
small oligonucleotide chemistries (14, 15). These short complementary sequences bind 
with high affinity to the miRNA of interest and thereby prevent the normal interaction 
with its endogenous mRNA targets. Several chemical modifications are being used to 
protect antimiRs against degradation by RNAses and improve their binding affinity 
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(16). Systemic administration of antimiRs however lacks tissue-specificity, so observed 
effects can either be a direct effect on the tissue of interest or result secondarily to the 
deregulation of systemic processes. However, the antimiR approach has previously been 
successfully applied to repress miRNA activity in the heart (17-21).

In order to investigate the role of miRNA-30c in pathologic disease progression we 
studied the effect of decreased miRNA-30c expression both under basal conditions and 
in the presence of increased cardiac workload induced via either isoproterenol treatment 
or transverse aortic constriction (TAC). Isoproterenol acts as a non-selective β-adrenergic 
agonist that increases heart rate and systolic blood pressure combined with decreased 
diastolic blood pressure. The increased systolic pressure arises from the increase in heart 
rate and cardiac contractile force while the decreased diastolic pressure is due to its 
vasodilatory action on peripheral blood vessels (22). TAC is a surgical model for pressure-
overload induced cardiac hypertrophy and heart failure. By partially constricting the aorta, 
the external workload on the heart is increased, which initially leads to compensated 
hypertrophy and over time, when the response becomes maladaptive, leads to heart 
failure (23).

In this chapter we describe our findings on experimentally decreased miRNA-30c 
expression in both a systemic (antimiRs) and cardiomyocyte-specific (transgenic) model. 
Both interventions do not affect cardiac function. We found an increased hypertrophic 
response to isoproterenol treatment and increased CTGF levels at baseline, but these 
findings could not be validated in every model we used. The exact in vivo function of miRNA-
30c therefore remains to be established, but either systemic or local downregulation does 
not impair cardiac remodeling in our experimental setup.

 
Materials and methods
Animal experiments 
All animal experiments have been approved by the ethical committee on animal 
experimentation of the AMC.

Generation of transgenic eGFP-miRNA-30c-sponge mice
Six perfectly complementary miRNA-30c binding sites were cloned into a αMHC expression 
plasmid (pBSII-SK+ containing the murine αMHC promoter region; GenBank acc. U71441) 
with SalI. The plasmid backbone was removed by digestion with SstII, generating a ~6.5 
kb fragment containing the αMHC promoter region, eGFP, the 6 sponge-sites and the 
human growth hormone polyA sequence. Transgenic FVB mice were generated by pro-
nuclear oocyte injection. Offspring was tested for miRNA-30c expression and founders 
were crossed back into a C57Bl/6JOlaHSD background.

AntimiR injections 
eight week old C57BL/6JOlaHsd (Harlan) mice were injected twice subcutaneously 
with 5 mg/kg antimiRs (Ribotask) at day 0 and day 7. AntimiR chemistry contained 
locked nucleic acid (LNA) bases and 2’-O-methyl RNA bases in a ratio 1:2, where all 
nucleotides contained the phosphorothioate modification. The antimiRs were perfectly 
complementary to the complete mature miRNA-30c sequence or to a negative control 
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sequence (Table 1). For the antimiR-TAC experiments, mice were subjected to TAC surgery 
as described below at day 3 or 4. Mice were subjected to echocardiography and sacrificed 
4 weeks after TAC surgery.
In the antimiR-isoproterenol experiment an osmotic minipump was placed subcutaneously 
after the second antimiR injection, releasing isoproterenol at a constant rate of 17,5 mg/
day/kg bodyweight. Mice were subjected to echocardiography and sacrificed after 5 
weeks of isoproterenol treatment.

Transverse aorta constriction surgery
To induce left ventricular overload we surgically performed transverse aorta constriction 
(TAC) in 8 week old male antimiR-injected mice. Mice were sedated with 4% isoflurane 
and intubated for mechanical ventilation with a gas mixture of O2 and 2.5% isoflurane to 
maintain anaesthesia and placed on a heating pad to maintain body temperature at 37°C. 
Buprenorphine (0.05 mg/kg) was injected subcutaneously for postsurgical analgesia. 
Thoracotomy was performed through the first intercostal space just lateral of the sternum. 
The aortic arch was constricted (6-0 silk suture) together with a 27G (Ø 0.42 mm) needle 
between the truncus brachiocephalicus and the arteria carotis communis sinistra. 
Immediately after constriction the needle was removed to restore blood flow. The sham 
surgery was performed identically, but without the aortic ligation. The administration of 
buprenorphine (0.05 mg/kg s.c.) was repeated the first 2 days after TAC, when deemed 
necessary based on the recovery of the mouse. Mice were sacrificed after 4 weeks of TAC.

Echocardiography
LV function and dimensions were measured by transthoracic two-dimensional 
echocardiography using a Vevo 770 Ultrasound (Visual Sonics) equipped with a 30-
MHz linear array transducer. Mice were sedated on 4% isoflurane and anesthesia was 
maintained by a mixture of O2 and 2.5% isoflurane. M-mode tracings were obtained at 
the height of the papillary muscle in parasternal short axis view and used to measure LV 
internal diameter at end-systole and end-diastole. Fractional shortening was calculated 
from these internal diameters using the following formula: ((LV end-diastolic diameter - 
LV end-systolic diameter) / LV end-diastolic diameter) x 100%

 5

Table 1: Primer & probe sequences
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Tissue collection
Immediately after sacrificing the mice, hearts were injected with 1 mol/L KCl to induce 
relaxation of cardiac myocytes, fluid was removed from the lumen and hearts were 
weighed.  The upper half of the heart was fixated in 4% paraformaldehyde for histological 
analysis. The lower half was divided in 2 parts, cut through the septum and LV free wall 
and snap-frozen in liquid nitrogen for RNA and protein analysis. 

RNA analysis 
Except for the family member specific qPCRs, where RNA was isolated using the mirVana 
miRNA isolation kit according to manufacturer’s protocol, all RNA was isolated using 
TRIzol (Invitrogen) according to manufacturer’s protocol. 

Northern Blot
Probes for miRNA-30c and U6 were labelled using the miRNA StarFire Kit (Integrated DNA 
Technologies) and purified on Illustra ProbeQuant G50 Micro-columns (GE Healthcare) 
according to the manufacturer’s protocol. 3 µg total RNA (TRIzol isolated) was separated 
on a 16% acrylamide gel, transferred to Hybond N+ membranes and UV-crosslinked 
(0.200 J/cm2). Radioactively labeled probes (α32P-dATP) were hybridized for 30’ at 39ºC 
in hybridization buffer (7% SDS, 200 mM Na2HPO4, pH 7.2), subsequently washed at 
42ºC with 2x SSPE buffer (0.36 mol/L NaCl, 200 mmol/L NaH2PO4, 20 mmol/L EDTA, 
0.1% DEPC, 0.1% SDS, pH 7.4) and exposed to Phospho-image film overnight.

cDNA preparation and qPCR with the mirVana kit
The mirVana kit was used to measure expression of the individual miRNA-30 family 
members. MiRNA-specific cDNA was generated of 400 ng of total RNA using the iScript 
cDNA synthesis kit (Bio-Rad) and the mirVana quantitative RT-PCR primer sets (Ambion) 
according to manufacturer’s protocol. This cDNA was amplified using the mirVana 
quantitative RT-PCR primer sets (Ambion) and lightcycler 480 SYBR green master I 
(Roche) in a lightcycler 480 system II using the following program: 95°C for 3 minutes 
and 40 cycli of 95ºC for 15 seconds and 60°C for 45 seconds. 

Other quantitative Real Time PCR (qPCR)
After RNA isolation, 200 ng RNA was treated with DNAse I (Invitrogen 18068-015). For 
mRNA quantification cDNA was synthesised using Superscript II reverse transcriptase 
(Invitrogen 18064-071) and diluted 4 times in nuclease free water. Quantitative real 
time PCR was performed on a Lightcycler 480 (Roche) using SYBR green (Roche 
04887352001). The miScript kit was used to determine miRNA levels. For this purpose, 
we generated total cDNA of 200 ng total RNA using the miScript reverse transcription kit 
(Qiagen) according to the manufacturer’s protocol. Real-time PCR was performed using 
the lightcycler 480 High Resolution Melting Master (Roche). The reaction was performed 
according to manufacturer’s protocol in a mixture with 2.5 mmol/L MgCl2 and with 8-fold 
diluted cDNA. The cDNA was amplified in a lightcycler 480 system II using the following 
program: 95°C for 10 minutes and 40 cycli of 95ºC for 45 seconds, annealing temperature 
for 45 seconds, and 72°C for 45 seconds, where the annealing temperature was 55°C for 
miRNA amplification and 60°C for mRNA amplification. Primer sequences are listed in 
Table 1. Quantification was performed using LinReg PCR analysis software (24, 25).
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Histological analysis 
Mouse hearts were fixed overnight in 4% paraformaldehyde, transferred to 70% ethanol 
until embedding, and embedded in paraffin using standard techniques. Sections of 5 µm 
thickness were stained with hematoxylin and azophloxin by dewaxing, hydration, 10 min 
incubation with hematoxylin, 10 min rinsing with running tap water, 2 min rinsing with 
bidistilled water, 3 min incubation with azophloxin, 1 min differentiation in bidistilled 
water, dehydration, and mounting with entellan (Merck). To determine the collagen content 
in mouse hearts, we stained sections of 5 µm thickness with picrosirius red. Therefore 
sections were dewaxed, hydrated, incubated for 60 min in picrosirius red solution, 2 min 
washed under continuously moving in 0.01 N HCl, dehydrated, nad mounted in entellan 
(Merck). Pictures of these sections were taken with a light microscope (Axiophot) at 20x 
magnification, 10 pictures in the LV free wall, 10 in the septum, and 5 in the papillary 
muscles. Perivascular fibrosis was manually omitted from the image analysis. The Sirius 
red positive areas in each picture were automatically calculated as a percentage of the 
total tissue area using an in house made quantification macro in ImagePro 6.2. 

Luciferase assays
Luciferase assays were performed as described previously (7). Briefly, we transiently 
transfected (GeneJammer, Stratagene) β-galactosidase control plasmid (50 ng) with 
control, miRNA-30c-perfect or miRNA-30c-bulged luciferase-sponge construct (25 ng) 
and pCDH1-miRNA-30c overexpressing construct (25 ng) into 40-50% confluent COS1 
cells, grown in a 24-well plate. At 48 hr post transfection, cells were lysed and assayed 
for luciferase activity. β-galactosidase was assayed to normalize luciferase results for cell 
densities and transfection efficiency.

Statistics
All statistical testing was performed using unpaired two-sided Students T-test. p-values ≤ 
0.05 were considered significant. Error bars represent standard error of the mean (SEM).

Results
MiRNA-30c sponge design
The miRNA-30 family consists of five miRNAs (miRNA-30a-e) with a conserved seed 
sequence (Figure 1A). Of these, miRNA-30b shares the highest sequence homology with 
miRNA-30c. Under normal conditions these miRNAs bind to their respective mRNA targets 
and impair translation into functional protein. The introduction of miRNA-sponges into 
a cell results in competition with endogenous target mRNAs for miRNA binding, thereby 
releasing the inhibitory effect of the miRNA on its targets as schematically represented 
in Figure 1B. To test the efficiency of miRNA-30c inhibition on different sponge designs 
we created two constructs (Figure 1C). Six perfect complementary sequences of mature 
miRNA-30c or six ‘bulged’ complementary sequences, which contain mismatches in 
position 9-12 of miRNA-30, were subcloned downstream of a luciferase cassette. The 
bulged sequences presumably form a more stable interaction with the miRNA of interest, 
including miRNAs complexed with Ago2 (12, 26). We transfected these luciferase-
miRNA-30 sponge plasmids along with miRNA-30c or scrambled miRNA in COS-7 cells 
and performed luciferase assays. The experiments reveal a stronger inhibitory effect of 
miRNA-30c on the perfect sponge sequence as compared to the bulged sequence (Figure 

 5
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1D). Therefore, for the in vivo experiments described below, we generated a sponge 
construct containing 6 perfect complementary binding sites to miRNA-30c.

Generation of miRNA-30c sponge transgenic mice
For cardiomyocyte-specific overexpression of the miRNA-30c sponge we injected 
murine oocytes with an eGFP construct, driven by the αMHC-promoter and coupled to 
6 perfectly complementary miRNA-30c binding sites and the human growth hormone 
poly-A signal (Figure 2A). We generated two founder lines which both gave offspring in 
normal Mendelian ratios. We observed no altered mortality of transgenic mice compared 
to wildtype littermates (data not shown). All experiments described in this chapter are 
performed in one founder line, from now on denoted eGFP-miRNA-30c sponge.
To confirm cardiac downregulation of miRNA-30c in these eGFP-miRNA-30c sponge mice, 
we performed northern blotting (Figure 2B). This revealed a decrease in mature miRNA-
30c expression. Quantification by qPCR revealed a ~60% decrease in the mature miRNA-
30c levels (Figure 2C). Since miRNA-30c belongs to a family of 5 miRNAs we tested 
the effect of sponge-expression on the other family members. This showed decreased 
expression of other family members in accordance to their homology with miRNA-30c. 
Not surprisingly, the most homologous miRNA-30b and -30e were significantly, but to a 
lesser extent, downregulated by ~30% and ~20% respectively (Figure 2D). 

eGFP-miRNA-30c sponge mice do not have a cardiac phenotype
The eGFP-miRNA-30c sponge mice have similar heart weight (corrected for tibia length) 

Figure 1: miRNA-30 family and in vitro testing of the miRNA-30c sponge construct. (A) The miRNA-30 family 
consists of 5 members with a shared seed sequence. Compared to miRNA-30c, miRNA-30b has the highest 
sequence homology. (B) Under normal conditions the miRNA binds to its target and impairs translation. In 
the presence of a sponge construct, the miRNA binds to the sponge, therefore competing with the endogenous 
targets (CDS: coding sequence, eGFP: enhanced green fluorescent protein). (C) Comparison between perfect 
and bulged binding sites on miRNA conformation. (D) In vitro luciferase assay shows the higher translational 
inhibition of the perfect binding site, compared to the bulged (N=3). 
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compared to wild-type littermates at 8 weeks of age (Figure 3A). The similar expression 
level for atrial natriuretic factor (ANF), a marker of cardiac dysfunction and hypertrophy, 
indicates the absence of gross abnormalities in miRNA-30c sponge mice (Figure 3B). 
Additionally, the uncorrected heart weight, lung weight, body weight and tibia length does 
not differ between transgenes and wildtype littermates (Figure 3C and D). 
The function of miRNAs is often more easily evaluated under conditions of pathological 
stress and in disease (27). Therefore, we stressed the hearts of the eGFP-miRNA-30c 
sponge mice and wildtype littermates by subjecting them to 5 weeks isoproterenol 
treatment (Figure 4A). Quantification by qPCR confirmed the ~50% decreased 
expression of miRNA-30c in this group of eGFP-miRNA-30c sponge mice (Figure 4B). 
Phenotypic analysis revealed comparable heart weights in the eGFP-miRNA-30 sponge 
mice compared to their wild-type littermates (Figure 4C). Interestingly, with this dose of 
isoproterenol we only observed a very small and non-significant increase in heart weight 
(Figure 4C), which is inconsistent with the 37% increase in cardiac mass that others found 
after as little as 7 days at even lower dosage of 5 mg/kg/day (28). Echocardiographic 
evaluation of cardiac function could not reveal any differences in left ventricular internal 
diameters (LVID) both during systole and diastole, between the genotypes and after 
isoproterenol treatment (Figure 4D). Nevertheless, gene expression analysis did reveal 
slightly altered ANF and CTGF expression after isoproterenol treatment, suggesting the 
β-adrenergic stimulation by isoproterenol had a suboptimal biological effect in the heart. 
No differences were however observed between the miRNA-30c sponge and wild-type 
hearts (Figure 4E). 

Figure 2: Design and efficacy of the miRNA-30c sponge. (A) Schematic overview of the eGFP-miRNA-30c-
sponge construct used for transgenesis. Expression is driven by the αMHC promoter and the construct contains 
eGFP, 6 perfect miRNA-30c binding sites and a human growth hormone polyA-signal. (B) Northern blot probed 
for miRNA-30c shows decreased expression in the hearts of eGFP-miRNA-30c sponge transgenic mice (n=3). 
(C) Relative miRNA-30c expression (U6-corrected) in left ventricular tissue as quantified by qPCR (n=3). (D) 
Quantification of relative miRNA-30 family member expression (U6-corrected) in wildtype and miRNA-30c 
sponge littermates (n=2). * denotes a p-value < 0.05 and error bars represent standard error of the mean.
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Figure 3: Baseline characteristics of eGFP-miRNA-30c sponge mice. (A) Heart weights corrected for tibia 
length are similar in wildtype and transgenic littermates. (B) Relative ANF expression (GAPDH-corrected) in 
left ventricular tissue as quantified by qPCR (n=3). (C) Body weight and tibia length of wildtype and transgenic 
littermates (n=3). (D) Heart weight and lung weight for wildtype and transgenic littermates (n=3). * denotes a 
p-value < 0.05 and error bars represent standard error of the mean.

Figure 4: Isoproterenol treatment in miRNA-30c-sponge mice. (A) Schematic overview of the experimental 
setup. Mice were treated for 5 weeks with isoproterenol or PBS through the constant release by subcutaneous 
implanted osmotic minipumps. (B) Quantification of miRNA-30c expression (U6-corrected) in left ventricular 
tissue (n=6). (C) Heart weight corrected for tibia length (n=6). (D) Echocardiography of left ventricular internal 
diameters during systole and diastole (n=6). (E) ANF and CTGF mRNA expression as quantified by qPCR 
(GAPDH-corrected) (n=6). * denotes a p-value < 0.05 and error bars represent standard error of the mean.
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LNA based antimiR experiments
AntimiRs provide another approach to achieve the in vivo downregulation of miRNA 
expression. We therefore injected 8 week old wildtype mice twice with 5 mg/kg control 
antimiR or antimiR-30c and evaluated miRNA-30c expression levels after 5 weeks 
of control or isoproterenol treatment (Figure 5A). Northern blot analysis revealed a 
decrease in miRNA-30c levels in the antimiR-30c treated mice compared to control 
(Figure 5B). Quantification of the different family members by qPCR revealed ~90% 
decrease in cardiac miRNA-30c expression. Expression of the other family members 
decreased according to sequence homology (Figure 5C), in line with the observations in 
the eGFP-miRNA-30c sponge mice (Figure 2D). In this regard, we found a ~80% decrease 
in miRNA-30b expression. Together these findings show the efficacy of antimiR induced 
miRNA-30c downregulation in vivo. 

AntimiR-30c treatment augments isoproterenol-induced cardiac hypertrophy and CTGF 
expression
To further investigate the role of miRNA-30c in the heart we studied the effect of miRNA-
30c downregulation after antimiR treatment under basal conditions and in the presence 
of increased isoproterenol-induced cardiac workload.
Wildtype mice were injected twice with antimiRs prior to 5 weeks of isoproterenol 
treatment (Figure 5A). In the control antimiR group, isoproterenol treatment resulted 
in a 20% increase in heart weight. Interestingly, antimiR-30c treatment resulted in an 
exaggerated hypertrophic response, as tibia length-corrected heart weight in this group 
increased 40% in response to isoproterenol (Figure 6A). This increase was caused by an 

Figure 5: Efficacy of antimiR-induced miRNA-30c knockdown. (A) Schematic overview of the experimental 
setup. (B) Northern blot for miRNA-30c and U6 in wildtype, miRNA-30c transgenic over-expression (positive 
control (29)) and miRNA-30c antimiR-treated mice (n=2). (C) Quantification of miRNA-30 family member 
expression (U6-corrected) in left ventricular tissue (n=5). * denotes a p-value < 0.05 and error bars represent 
standard error of the mean.

 5
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actual increase of heart weight, as tibia length did not change (Figure 6B-C). Mice treated 
with isoproterenol also showed a slight increase in lung weight and overall body weight, 
which were significant in combination with antimiR-treatment (Figure 6B-C). Moreover, 
we observed that ANF, a molecular marker of hypertrophy and heart failure was induced 
to a greater extent in the antimiR-30c treated mice (Figure 6D). Gene expression analysis 
of CTGF revealed significantly increased mRNA expression after antimiR-30c treatment 
with trends to further increases upon isoproterenol treatment (Figure 6D). Expression 
of genes encoding extracellular matrix components like collagen (COL1A1 and COL3A1) 
were induced upon isoproterenol treatment, but were not affected by antimiR-30c (Figure 
6E). 

AntimiR-30c treatment has no effect on the heart after TAC  
To study the effect of miRNA-30c knockdown in a model of pressure overload-induced 
cardiac hypertrophy, we performed similar experiments in mice subjected to TAC surgery 
(Figure 7A). In this experiment, antimiR-30c treatment resulted in the knockdown of 
miRNA-30c levels of ~85% (data not shown), comparable to the antimiR-isoproterenol 
experiment (Figure 5C). TAC caused a ~35% increase in heart weight, but there was 

Figure 6: antimiR-isoproterenol experiment. (A) Heart weight corrected for tibia length (n=5). (B) Heart weight 
and lung weight for wildtype and transgenic littermates (n=5). (C) Body weight and tibia length of wildtype and 
transgenic littermates (n=5). (D) ANF and CTGF mRNA expression (GAPDH-corrected) as quantified by qPCR 
(n=5). (E) Fibrotic genes COL1A1, COL3A1 and fibronectin mRNA expression (GAPDH-corrected) as quantified 
by qPCR (n=5).  * denotes a p-value < 0.05 and error bars represent standard error of the mean.
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no additional effect of the decreased miRNA-30c expression as we observed in the 
isoproterenol study (Figure 7B). TAC induced an increase of the LVID, most prominently 
during systole (Figure 7C), in combination with decreased fractional shortening and 
ejection fraction (Figure 7D). However, no differences were observed between antimiR-
30c and control antimiR groups. 
TAC induced ANF expression ~10-fold (Figure 8A), and pro-fibrotic mRNA transcripts 
such as CTGF, COL1A1, COL3A1 and fibronectin were upregulated 3- to 5-fold (Figure 
8B-C). We could not observe an additional effect of decreased miRNA-30c levels on the 
expression of these genes, neither at baseline nor in response to TAC (Figure 8A-C). In 
line, decreased miRNA-30c levels had no significant effect on the amount of fibrosis in 
any region of the heart, as measured by quantification of Sirius Red staining (Figure 8D), 
while TAC induced cardiac fibrosis at least 2-fold for all the cardiac regions (Figure 8D).
 

Discussion
Based on the previously reported deregulation of miRNA-30c in the progression towards 
heart failure we set out to study the effects of decreasing its cardiac expression in vivo. 
We studied the cardiac effects of decreased miRNA-30c levels at baseline and under 
conditions of isoproterenol- or TAC-induced stress. Our findings show that loss of miRNA-
30c levels, either in the cardiomyocyte or systemically, does not lead to an overt cardiac 
phenotype. The main results obtained from our two mouse models are discussed below.

Cardiomyocyte-specific miRNA-30c downregulation through expression of a miRNA-30c-
sponge results in strongly decreased miRNA expression (~60% loss) but has no effect on 
heart weight, cardiac function and gene expression for all the parameters we studied. Also 
under conditions of isoproterenol-induced cardiac stress there was no effect of decreased 
miRNA-30c expression. This might indicate that the level of remaining miRNA-30c (or 
other miRNA-30 family members) is sufficient to maintain normal cardiac remodelling 
and function. Alternatively, since miRNA-30c is also expressed in cardiac fibroblasts we 
might have overlooked the contributions of this cell type to the development of cardiac 
dysfunction (7, 29). Especially with regards to the regulation of cardiac fibrosis, the 
fibroblasts play an important role.

Systemic downregulation of miRNA-30c via antimiR treatment provides a tool to study the 
effect of decreased miRNA-30c expression in all cardiac cell types, including the fibroblast. 
The level of knockdown achieved with antimiRs is higher compared to the sponge (~90% 
vs ~60% knockdown respectively). It therefore provides a more powerful tool to study 
miRNA function, but that comes with the added possibility of systemic side-effects. Our 
antimiR-isoproterenol experiment revealed that decreased miRNA-30c levels induce 
increased CTGF expression at baseline as well as increased isoproterenol-induced cardiac 
hypertrophy. The effect on CTGF is in line with the previous observations that CTGF is a 
direct miRNA-30c target in vitro (7). The increased heart weight upon cardiac stress in 
the antimiR-30c group indicates that miRNA-30c may act as a repressor of cardiomyocyte 
hypertrophy, which represents an interesting but contrasting finding with regards to 
the previous identification of miRNA-30c as a prohypertrophic miRNA (8). In that study 
Jentzsch et al. showed that overexpression of miRNA-30c in cell culture strongly induces 
cardiomyocyte hypertrophy.

 5



88

Figure 7: antimiR-TAC experiment. (A) Schematic overview of the experiment. Mice were treated with antimiRs 
and subjected to thoracic aortic constriction. (B) Heart weight and lung weight for wildtype and miRNA-30c 
sponge mice (n>4). (C) Echocardiography of left ventricular internal diameters during systole and diastole 
(n>4). (D) Evaluation of cardiac function by echocardiography for fractional shortening and left ventricular 
ejection fraction (n>4). * denotes a p-value < 0.05 and error bars represent standard error of the mean.

Figure 8: Cardiac fibrosis in the antimiR-TAC experiment. (A) Quantification of mRNA levels of ANF by qPCR 
(n>4). (A) Quantification of mRNA levels of CTGF by qPCR (n>4). (C) Quantification of mRNA levels of the 
extracellular matrix genes COL1A1, COL3A1 and fibronectin by qPCR (n>4). (D) Quantification of fibrosis based 
on Sirius Red positive cardiac area (n>4). * denotes a p-value < 0.05 and error bars represent standard error of 
the mean.



89

Increased CTGF levels and anti-hypertrophic properties of miRNA-30c were however not 
observed in our independent antimiR-TAC experiment. In this study, loss of miRNA-30c 
caused no effect on TAC-induced cardiac remodelling in the form of changed heart weight, 
LV dilatation, fractional shortening, fibrosis or the expression of stress markers. Regarding 
the cardiac phenotype we can thus conclude that decreased miRNA-30c expression does 
not interfere with cardiac function in the normal and pressure overloaded heart.

To our knowledge, this is the first report of a transgenic miRNA-sponge model in mice. 
The efficacy of miRNA-sponges has already been established in vitro and in plants and 
Drosophila. Here we show that cardiomyocyte-specific expression of a miRNA-30c sponge 
construct results in decreased expression of miRNA-30c and its most homologous family 
members in the heart. In line with initial studies (12) we found decreased miRNA-30c 
expression by northern blot analysis, and these findings could also be confirmed by qPCR.
Similarly, antimiR-30c treatment results in a downregulation of miRNA-30c and its 
family members in accordance to their sequence homology. The decrease in miRNA-30c 
expression that was induced with antimiR treatment was greater than with the sponge. 
Several factors might be responsible for this stronger effect. First, the intracellular 
availability of the antimiR might be higher than the expression level of the sponge. Second, 
the chemical modifications of the antimiRs might improve their binding-affinity for the 
miRNA. Third, the antimiR is administered systemically and therefore affects miRNA-30c 
expression in all cardiac cells, while the sponge is only expressed in the cardiomyocytes. 
Especially this last option should be considered as miRNA-30c is also highly expressed in 
cardiac fibroblasts, a cell type in which the sponge was not expressed.

With the identification of CTGF as an in vitro target of miRNA-30c we expected to find 
increased CTGF levels in our in vivo models. CTGF levels remained however unchanged 
between wildtype and miRNA-30c sponge mice, both under basal conditions and upon 
isoproterenol treatment. On the other hand, antimiR-30c treatment induced a 2.2-fold 
increase in basal CTGF level in the isoproterenol experiment. Given the fact that antimiRs 
act systemically and additionally target the cardiac fibroblasts, it is not surprising that we 
did not observe an effect in the miRNA-30c sponge mice as CTGF is mainly expressed in 
the cardiac fibroblast. The effect on CTGF could however not be observed in mice from the 
same strain in our TAC experiments.
In the antimiR-TAC experiment, miRNA-30c downregulation did not significantly affect 
baseline and TAC-induced cardiac fibrosis. There were however consistent trends towards 
increased levels of TAC-induced fibrosis (Figure 8D). Decreased miRNA-30c expression 
did however not affect expression of fibrotic genes like COL1A1, COL3A1 and fibronectin. 
Based on these observations we conclude that decreased miRNA-30c expression only has 
a mild, if any, effect on cardiac fibrosis.

Our findings also underline the importance of validating observations in independent 
experimental settings. Both the effect on CTGF expression and heart weight that we 
observed in the antimiR-isoproterenol experiment could not be observed either in the 
eGFP-miRNA-30c-sponge transgene or the antimiR-TAC experiments. Of course there are 
many valid explanations for this discrepancy, like differences in timing, strain background, 
level of miRNA-30c knockdown etc. However, all these explanations fail to overcome the 
requirement of robust findings in experimental animal models for the eventual translation 
to human disease. 
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Taken together, downregulation of cardiac miRNA-30c expression has no detrimental 
effect on cardiac function as evaluated by echocardiography under any of the studied 
conditions. If this provides the conclusive answer to the role of miRNA-30c remains to 
be determined as we could not fully inhibit miRNA-30c expression. The remaining levels 
might be sufficient to perform its normal regulatory role in the heart. The role of other 
miRNA-30 family members also remains to be determined as they all have the same 
potential mRNA targets, although their affinity for specific targets might differ. In line with 
the observations that miRNA-30c becomes differentially regulated during cardiac disease, 
it is also worthwhile to investigate if the downregulation is a primary cause of disease 
or secondary to general cardiac dysfunction. Additional research employing improved 
knock-down or miRNA-30c specific knock-out mice is therefore required to elucidate the 
exact role of miRNA-30c in cardiac function in vivo. 
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