
Pharmacological Silencing of miR-152 Prevents Pressure 
Overload-Induced Heart Failure

Thomas J. LaRocca, MD/PhD5,*, Timon Seeger, MD2,*, Maricela Prado, MS1, Isaac Perea-Gil, 
PhD1,2, Eugenios Neofytou, MD2, Brigham H. Mecham, PhD4, Mohamed Ameen, BS2, Alex 
Chia Yu Chang, PhD7, Gaurav Pandey, PhD3, Joseph C. Wu, MD, PhD2,6, Ioannis Karakikes, 
PhD1,2

1.Department of Cardiothoracic Surgery, Stanford University School of Medicine, Stanford, CA, 
USA

2.Stanford Cardiovascular Institute, Stanford University School of Medicine, Stanford, CA

3.Department of Genetics and Genomic Sciences, Icahn Institute of Genomics and Multiscale 
Biology, Icahn School of Medicine at Mount Sinai, New York, NY, USA

4.Trialomics, LLC, Seattle, WA, USA

5.Department of Pediatrics, Division of Critical Care Medicine, Lucile Packard Children’s Hospital, 
Stanford University School of Medicine, Stanford, CA, USA.

6.Department of Radiology, Stanford University School of Medicine, Stanford, California, USA

7.Department of Cardiology and Shanghai Institute of Precision Medicine, Ninth People’s Hospital, 
Shanghai Jiao Tong University School of Medicine, Shanghai 200125, China

Abstract

Background: MicroRNAs (miRNAs) are small, non-coding RNAs that play a key role in gene 

expression. Accumulating evidence suggests that aberrant miRNA expression contributes to the 

heart failure (HF) phenotype, however, the underlying molecular mechanisms are not well 

understood. A better understanding of the mechanisms of action miRNAs could potentially lead to 

targeted therapies that could halt the progression or even reverse HF.

Methods and Results: We identified that miR-152 expression was upregulated in the failing 

human heart and experimental animal models of HF. Transgenic mice with cardiomyocyte-specific 

miR-152 overexpression developed impaired systolic function (mean difference, −38.74% [95% 

CI: −45.73% to −31.74%]; P<0.001) and dilated cardiomyopathy. At the cellular level, miR-152 

overexpression induced aberrant mitochondrial ultrastructure and dysregulation of key genes 

involved in cardiomyocyte metabolism and inflammation. Mechanistically, we identified 

monothiol Glutaredoxin 5 (Glrx5), a critical regulator of mitochondrial iron and iron-sulfur cluster 

synthesis, as a direct miR-152 target. Finally, a proof-of-concept of the therapeutic efficacy of 
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targeting miR-152 in vivo was obtained by utilizing a locked nucleic acid (LNA)-based inhibitor 

of miR-152 (LNA-152) in a murine model of heart failure subjected to transverse aortic 

constriction. We demonstrated that animals treated with LNA-152 (n=10) showed preservation of 

systolic function when compared to LNA-control treated animals (n=9) (mean difference, 

−18.25% [95% CI: −25.10% to – 11.39%] P<0.001).

Conclusion: The upregulation of miR-152 expression in the failing myocardium contributes to 

the HF pathophysiology. Preclinical evidence suggests that miR-152 inhibition preserves cardiac 

function in a model of pressure overload-induced HF. These findings offer new insights into the 

pathophysiology of HF and point to miR-152 as a potential novel therapeutic target.

INTRODUCTION

MicroRNAs (miRNAs) are small, 18-22 nucleotide, non-coding RNA molecules that 

regulate gene expression post-transcriptionally by inhibiting the translation of protein-

coding mRNA transcripts1. Recent evidence suggests that miRNAs are key regulators of 

different cellular processes underlying cardiovascular physiology and pathophysiology2, and 

several miRNAs have been associated with pathological cardiac remodeling preceding heart 

failure (HF)3-5. However, our understanding of the contribution of miRNAs to HF phenotype 

and their mechanism of action in the heart remains incomplete. As individual miRNAs often 

regulate the expression of multiple genes, targeting of a single miRNA can, in principle, 

influence an entire gene network and potentially ameliorate complex disease phenotypes6. 

Hence, elucidating the function of miRNAs in the heart could enable the discovery of novel 

mechanisms of disease and potentially lead to the development of miRNA-mediated 

therapies to prevent or treat HF7,8.

In this study, we identified that miR-152 expression was significantly increased in failing 

human myocardium. The miR-152 family of miRNAs, which includes miR-148a and 

miR148b, has been implicated in processes such as immuno-modulation, cell growth, 

proliferation, and cancer.9 As the role of miR-152 within the cardiac myocyte remains 

poorly understood, we sought to determine whether the upregulation of miR-152 contributes 

to HF. We report that overexpression of miR-152 in cardiomyocytes induces cardiac 

remodeling, systolic dysfunction, and dilated cardiomyopathy in vivo, and alters the 

expression of genes involved in cardiomyocyte metabolism and mitochondrial homeostasis. 

Mechanistically, we identified the mitochondrial monothiol Glutaredoxin 5 (Glrx5), a 

critical regulator of mitochondrial iron and iron-sulfur cluster synthesis, as a direct miR-152 

target. Additionally, Anti-miR-152 therapy using a locked nucleic acid (LNA)-based 

antagomir prevented the functional deterioration of systolic function in a mouse model of 

pressure overload-induced HF. In conclusion, our data reveal a molecular link between 

miR-152 and the HF phenotype, providing new insight into how miRNAs contribute to the 

complex pathophysiology of HF and suggesting that modulation of miR-152 levels may 

represent a new effective therapeutic target.

METHODS

The data, methods used in the analysis, and materials used to conduct the research are 

available to any researcher for purposes of reproducing the results or replicating the 
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procedure upon request. Additional detailed experimental methods used in the study are 

presented in the Supplementary Methods in the Supplementary Information.

Animal Care.

Animals were handled in accordance with the Guidelines for the Care and Use of Laboratory 
Animals published by the National Institutes of Health. The Icahn School of Medicine at 

Mount Sinai Institutional Animal Care and Use Committee, and by the Stanford University 

Animal Care and Use Committee approved the procedures.

Generation of conditional-miR-152 transgenic animals.

Cardiac-specific miR-152 expression was achieved using a ‘gene switch’ strategy as 

previously described10. Briefly, the human miR-152 precursor was PCR amplified from 

genomic DNA and inserted into the EcoRV site of the pMHC-flox vector (a kind gift from 

Dr. Y Wang) to generate a conditional “floxed” miR-152 expression vector under the control 

of the cardiac myocyte-specific α-myosin heavy chain promoter (Myh6). Tg(Myh6-

miR-152) transgenic mice were generated by intra-nuclear injection of the KpnI/SstI 
fragment isolated from the pMHC-flox-miR-152 vector into fertilized eggs from B6C3 mice, 

and transgenic integration was confirmed by PCR. Following mating to Tg(Myh6-cre/Esr1*) 

mice (Jackson Laboratories), Cre-mediated miR-152 expression in mice 8 weeks of age was 

induced by oral delivery of Tamoxifen (Sigma-Aldrich) for four consecutive days of the 

same dose (20 μg/g reconstituted in peanut oil). All analyses were performed on 

heterozygote male Tg(Myh6-cre/Esr1*);Tg(Myh6-miR-152) and Tg(Myh6-cre/Esr1*) 

control littermates that were treated with tamoxifen.

TAC model and LNA antagomir treatment.

Twelve week old C57BL/6 mice (Jackson Laboratories) were subjected to transverse aortic 

constriction (TAC) using microsurgical techniques as previously described11. Briefly, the 

chest cavity was entered via the second intercostal space at the left upper sternal border 

through a small incision, and aortic constriction was performed by tying a 7-0 nylon suture 

ligature against a 27-gauge needle between the innominate and left common carotid arteries. 

Antagomirs were synthesized as fully phosphorothiolated oligonucleotides with perfect 

sequence complementary to the mature mmu-miR-152-3p sequence (16mer) or a scrambled 

sequence (control). Cardiac function was assessed 2 weeks post-surgery using pulse waved 

doppler analysis, and treatment started at that time in mice with a significant, hemodynamic 

relevant, constriction (velocity > 3200mm/s). Mice were administered a single daily 

intraperitoneal injection of LNA-control or LNA-anti-miR-152 (20mg/kg/day) for 3 

subsequent doses (day-1, day-3, and day-7). Cardiac function was assessed by 

echocardiography at 2- and 3-weeks post treatment (4 weeks and 5 weeks post-surgery), 

followed by tissue collection.

Echocardiography.

Short axis two-dimensional images and M-mode tracings were recorded at the level of the 

papillary muscle to determine fractional shortening and left ventricular (LV) dimensions as 

previously described12. In the transgenic animal model, echocardiography was performed 
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using a GE Vision Ultrasound system at designated time points under sedation with 

ketamine (50-80 mg/kg) optimized to maintain a heart rate >450 beats per minute. For the 

TAC model and LNA antagomir treatment experiments, echocardiography (two-dimensional 

M-mode) was performed in anesthetized mice (1.8% isoflurane) utilizing a VisualSonics 

Vevo 2100 Ultrasound system. The operator was blinded to the experimental conditions in 

all measurements.

miRNA expression profiling.

An enriched miRNA fraction was isolated from the tissue specimens using the mirVana 

miRNA Isolation Kit according to the manufacturer’s protocol (Ambion). The miRNA 

fraction was labeled and hybridized onto custom miRNA microarrays (TGmiRV1; 

Affymetrix) as previously described13. All the arrays were processed on an Affymetrix 

Fluidics Station and scanned on an Affymetrix G7 scanner. Estimates of miRNA expression 

were extracted using the Partek Genomic Suite (Partek), and the signal from replicate probes 

were median polished and normalized using cyclic loess. The resulting data were then 

analyzed for differential expression with SAM using its default parameters14,15, and miRNA 

genes with a false discovery rate <5% were considered differentially expressed.

Statistics.

All statistical analyses were performed using GraphPad Prism Software (San Diego, CA). 

The underlying assumption of normal distribution was investigated by performing a 

Kolmogorov–Smirnoff normality and normal probability plot test. Unpaired two-tailed 

Student’s t tests were used to determine the significance between two groups, assuming 

significance at P < 0.05. Analyses between multiple groups were performed using one-way 

ANOVA following Tukey multiple comparison post-test to determine significance. 

Echocardiography and PV loop measurements were analyzed by 2-way ANOVA or by 2-

way ANOVA repeated measures test when the same animal was used over the course of the 

experiments. P < 0.05 was considered statistically significant.

RESULTS

MiR-152 gene expression levels are increased in human and experimental models of HF

We conducted expression profiling of 462 known human miRNAs in LV tissue explanted 

from patients with end-stage HF (NYHA classification IV; n=9) and from control non-

failing patients (n=4). We identified 11 miRNAs that were significantly upregulated in 

failing hearts, including a number of previously described miRNAs that have been 

associated with HF, such as miR-14516, miR-181b16, miR-10017, miR-199b18, and 

miR-199a19 (Figure 1a). Interestingly, miR-152-3p (hereafter referred to as miR-152) was 

the miRNA most increased in expression (4-fold, q < 0.05) in failing compared to non-

failing samples (Figure 1b). MiR-152 is a member of the broadly conserved miR-148/152 

family that also includes miR-148a and miR-148b and that is highly expressed in the 

mouse20 and human heart compared to other organs, such as brain, kidney and testis21. 

However, the role of miR-152 in the myocardium is currently unknown. The human 

miR-152 resides between exons 1 and 2 of the Coatomer Protein Complex Subunit Zeta-2 

gene (COPZ2) and is evolutionarily conserved in vertebrates (Figure 1c). By quantitative 
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real-time PCR we confirmed that the expression of miR-152 was significantly increased in 

the failing human (3.25-fold) when compared to non-failing LV heart tissue (Figure 1d). 

Additionally, the expression of miR-152 in rodent LV tissue was markedly increased in both 

pressure overload-induced (1.91-fold) and diabetes-induced (2.25-fold) models of HF when 

compared to non-failing controls (Figures 1e and 1f, respectively). These data were 

consistent with previous studies showing that miR-152 was upregulated in the later stages of 

the pressure overload-induced HF mouse model20, in rat models of catecholamine-induced 

cardiac stress22, and in the cardiac Gαq-overexpressing mice, a genetic model of 

cardiomyopathy that recapitulates seminal aspects of pressure-overload hypertrophy23. 

Together, these data demonstrate that miR-152 is significantly upregulated in both human 

end-stage heart disease and in experimental animal models of HF, suggesting a potential role 

for miR-152 in cardiac pathophysiology and HF.

Cardiac myocyte-specific miR-152 overexpression in the adult mouse heart induces 
systolic dysfunction

To examine the potential role of miR152 in the myocardium we performed gain-of-function 

analyses of miR-152 in vitro. We observed that adenoviral-mediated miR-152 

overexpression in adult rat cardiomyocytes causes a significant decrease in sarcomere 

shortening and aberrant intracellular Ca2+ cycling, such as elevated diastolic intracellular 

Ca2+ and slower relaxation kinetics in vitro (Supplementary Figure 1).

To further investigate the role of miR-152 in vivo, we engineering an inducible cardiac 

myocyte-specific miR-152 overexpression mouse model, using a gene-switch transgenic 

strategy10 (Figure 2a). We generated transgenic mice harboring a loxP-flanked genomic 

fragment of the miR-152 precursor expressed under the control of the α-myosin heavy chain 

promoter (Myh6). These mice were bred with Tg(Myh6-cre/Esr1*) mice harboring another 

Myh6 transgene expressing the “MerCreMer” tamoxifen-inducible estrogen receptor-cre 

recombinase fusion protein24. Upon tamoxifen administration to doubly transgenic mice 

(hereafter referred to as Tg152), cardiac miR-152 expression was significantly increased (5.5 

– fold, P < 0.001) when compared to sex- and age-matched tamoxifen-treated Tg(Myh6-cre/

Esr1*) littermate controls (hereafter referred to as Control; Figure 2b).

By echocardiography, induction of miR-152 expression was observed to induce a rapidly 

progressive dilated cardiomyopathy characterized by a significant decrease in the fractional 

shortening and a significant increase in the LV dimensions (Figure 2c-e and Supplementary 

Table 1) by 4 weeks post tamoxifen (FS mean difference −38.74%, 95% CI: −45.73% to 

−31.74%; LVIDd mean difference 0.20, 95% CI: 0.15 to 0.25; LVIDs mean difference 0.28, 

95% CI: 0.23 to 0.33). Hemodynamic analysis by LV catheterization in vivo confirmed the 

LV dilatation and reduced contractile function associated with miR-152 overexpression 

(Supplementary Figure 2a-b). Importantly, end-systolic pressure-volume relationship 

(ESPVR) and pre-load recruitable stroke work (PRSW), load-independent parameters for 

systolic function, were significantly decreased in Tg152 mice compared to controls (ESPVR 

mean difference −4.37, 95% CI: −6.62 to – 2.11; PRSW mean difference 43.46, 95% CI: 

−73.31 to −13.61) at 4 weeks post transgene induction (Supplementary Figure 2c and 

Supplementary Table 2). Consequently, the Tg152 mice died from HF within 8 weeks of 
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tamoxifen treatment (Figure 2f). Consistent with the observed cardiac remodeling in vivo, 

post-mortem analysis at 1-week post tamoxifen treatment showed evidence of cardiac 

hypertrophy by gross histology (Figure 2g), gravimetric analysis (increased heart to body 

weight ratio; Figure 2h), and histologic assay of LV cardiomyocyte cross-sectional area 

(Figure 2i). Furthermore, we observed a significant increase in mRNA expression for brain 

natriuretic peptide (Nppb) and atrial natriuretic peptide (Nppa), two biomarkers for stressed 

myocardium25, in Tg152 mice when compared to controls at one week post-tamoxifen 

administration (Figure 2j).

Notably, the miR-152-induced systolic dysfunction was not accompanied by any increase in 

myocardial fibrosis or apoptosis (Supplementary Figure 3b and 3d, respectively). In 

addition, in contrast to what is often found in ischemic heart disease, the protein expression 

of sarcoplasmic reticulum calcium (Ca2+) ATPase 2a (Serca2a) and phospholamban (Pln), 

two critical determinants of active relaxation in diastole26, was unaltered in Tg152 mice 

(Supplementary Figure 4a-c). Instead, there was a small but significant increase in the 

phosphorylation of Pln Ser-16, consistent with a compensatory increase in Serca2a activity 

in response to contractile impairment. Finally, the expression and activation levels of the 

ryanodine receptors (Ryr2) were similar between control and Tg152 hearts (Supplementary 

Figure 4d). Together, these findings suggested that diastolic function was not impaired by 

miR-152 expression. In agreement, the LV end-diastolic pressure-volume relationship 

(EDPVR), an index of diastolic LV compliance, was similar in Tg152 and control mice 

(Supplementary Table 2). Taken together, these findings indicate that cardiac myocyte-

specific miR-152 expression induces dilated cardiomyopathy with early mortality, 

characterized by progressive systolic function independent of any defect in diastolic 

function.

Global mRNA Transcriptional Changes in the Tg152 hearts

To elucidate the underlying molecular mechanisms that underlie the development systolic 

dysfunction induced by miR-152 overexpression, we performed genome-wide 

transcriptional profiling of the Tg152 hearts to reveal the steady-state transcript levels27. We 

identified 2277 transcripts that were differentially expressed (1370 up- and 907 down-

regulated; q < 0.05) in Tg152 versus control hearts within 1 week of miR-152 

overexpression (Figure 3a). The expression of a subset of these genes was validated by real-

time quantitative PCR (Supplementary Figure 5). Gene Ontology (GO) analysis28 of 

mRNAs increased in expression showed a significant enrichment for immune responses (P = 

1.3 x 10−29) (Figure 3b), including multiple mRNAs that encode toll like receptor 2 and 4 

(Tlr2 and Tlr4), pro–inflammatory cytokines such as Interleukin 18 (Il18), and the tumor 

necrosis factor superfamily cytokine receptors (Tnfrsf1a and Tnfrsf1b), indicating a 

prevalence of immune system modulation is in the setting of the Tg152 heart29,30. The 

downregulated genes were enriched for metabolic processes (Figure 3b) including genes 

involved in fatty acid (FA) transport capacity (Cpt2, Slc25a20) and oxidation (Acadm, 
Acadv, Acot1, Acot2, Hahb). These changes are consistent with the downregulation of FA 

enzymes and the shift in metabolism and the activation of the innate immune system that 

triggers inflammatory responses in the failing heart30-34. Together, these data indicate that 
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the immune system response and changes in metabolic pathways are potential contributors 

to the pathophysiological state associated with miR-152 overexpression.

Glrx5 is a direct miR-152 target

Changes in LV mRNA levels induced by miR-152 overexpression might be due to indirect 

mechanisms or driven by a direct interaction of miR-152 with target transcripts. To identify 

mRNAs altered in steady-state expression that might be direct miRNA targets, we analyzed 

the 3’ untranslated regions (3’-UTRs) of the mRNAs for the presence of miRNA recognition 

sequences. The miR-152 seed sequence CAGTGCA corresponding to nucleotides 2–7 of 

miR-15235,36 was the most significantly overrepresented motif (log P = 10−11) among the 

downregulated gene set (Figure 4a). This finding is consistent with the expected inverse 

correlation of miRNA expression and the expression of direct gene targets. In contrast, the 

up-regulated genes showed a significant enrichment for miRNA target motifs, such as 

miR-29 and miR-506 (P = 10−15 and 10−12, respectively; Figure 4b).

Computational prediction of targets of miR-152 identified a putative miR-152 ‘seed 

sequence’ in the 3’-UTR of twenty-three mRNAs in the downregulated gene pool (Figure 

4c). Among these putative mRNA-152 target genes, Glutaredoxin 5 (Glrx5) is one of the top 

predicted miR-152 target genes by Targetscan, a computational algorithm for miRNA target 

prediction37. The Glrx5 gene encodes monothiol glutaredoxin, an evolutionarily conserved 

protein that is essential for the biogenesis of iron-sulfur (Fe-S) clusters and regulates 

mitochondrial iron homoeostasis and function38,39. In line with the diminished expression at 

the mRNA level, Glrx5 protein levels were significantly repressed in Tg152 hearts (Figures 

4d). To experimentally validate the link between Glrx5 mRNA repression and miR-152, the 

Glrx5 3’UTR harboring the evolutionarily conserved miR-152 ‘seed sequence’ (Figure 4e) 

was inserted into a luciferase reporter plasmid. We observed that the luciferase reporter 

activity was significantly inhibited by co-expression of a synthetic pre-miR-152 when 

compared to a control pre-miR mimic. In contrast, the luciferase activity of a control 

reporter construct lacking the miR-152 target 3-UTR motif was unaffected by expression of 

the pre-miR-152 mimic (Figure 4f).

As Glrx5 is a critical regulator of the maturation of all cellular Fe/S proteins, cellular iron 

regulation and mitochondria homeostasis40, we assessed the mitochondria abundance and 

ultrastructure in Tg152 cardiomyocytes by electron microscopy. We observed that Tg152 

cardiomyocytes displayed randomly distributed intermyofibrillar mitochondria characterized 

by reduced mitochondrial matrix electrodensity, external membrane disorganization, (Figure 

5a-b). Furthermore, morphometric analysis of electron micrographs showed a significant 

decrease in cardiomyocyte mitochondria size in Tg152 compared to control hearts (Figure 

5c), disrupted internal cristae with reduced density (Figure 5d-e), while the total 

mitochondria content was similar between control and Tg152 cardiomyocytes (Figure 5f). 

Importantly, Tg152 cardiomyocytes contained electron dense granules suggestive of intra-

mitochondrial iron deposits, which were also evident by histological iron staining (Figure 

5g). In line with these findings, Tg152 hearts showed a significant reduction in the 

expression levels of succinate dehydrogenase subunit (Sdhb), a Fe-S cluster-containing 

component of the mitochondrial respiratory chain complex II (Figure 5h). Together, these 
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data demonstrate that Glrx5 is a direct target of miR-152, and the reduced expression of 

Glrx5 correlates with aberrations in cardiomyocyte mitochondrial morphology, Fe-S cluster 

deficit and iron accumulation in the Tg152 hearts.

Silencing of miR-152 preserves systolic function in pressure overload-induced HF

Anti-sense oligonucleotides that inhibit the expression of miRNAs are currently under 

development as therapeutic modalities for a diverse set of diseases associated with miRNA 

gain-of-function. We next considered whether pharmacological inhibition of miR-152 in the 

failing heart could have a beneficial effect in mitigating ventricular dysfunction. An LNA-

based antimir (LNA-152) was synthesized41,42 to be complementary to nucleotides 2-16 of 

the mature miR-152 sequence (Supplementary Figure 6a). In control experiments, LNA-152 

suppressed the expression of a Renilla luciferase-based miR-152 reporter vector in a dose 

response manner, while the control (LNA-control) had no effect on the reporter activity 

(Supplementary Figure 6b-c). To evaluate the therapeutic potential of silencing miR-152 in 
vivo, adult mice were subjected to chronic pressure overload by TAC surgery, a model for 

HF with reduced ejection fraction (EF). Consistent we previous studies, we observed a 

significant upregulation of miR-152 expression (Figure 1e). After two weeks of pressure 

overload, mice were randomly assigned to receive either LNA-152 or LNA-control for three 

consecutive days of therapy to test whether inhibition of miR-152 might suppress the 

deterioration of cardiac dysfunction associated with the long-term pressure overload (Figure 

6a). At randomization, the LV ejection fractions (EF) were similar between controls and test 

groups (Figure 6b and Supplementary Table 3). At three weeks post treatment, mice treated 

with LNA-152 demonstrated preserved systolic function when compared to LNA control-

treated animals as assessed by EF (mean difference −18.25%, 95% CI: −24.89% to 

−11.61%) (Figure 6c-d). The LNA-152 treatment also prevented ventricular dilatation as 

evident by the preservation of LV diameter at systole in LNA-152-treated mice (mean 

difference 0.65, 95 % CI: 0.24 to 1.07) (Supplementary Table 3). In contrast, treatment with 

LNA-152 did not attenuate cardiac hypertrophy at endpoint (heart weight-to-body-weight 

ratio) (Figure 6e). However, we observed reduced interstitial myocardial fibrosis in the 

LNA-152 treated hearts (Figure 6f). Consistent with the known role of miRNAs in tuning 

gene dosage by lowering target mRNA levels, the mRNA expression levels of Glrx5 were 

significantly increased in LNA-152 compared to LNA-control treated animals (Figure 6i). 

Finally, LNA-152-treated mice exhibited preserved mitochondria ultrastructure and 

significantly larger mitochondria with higher cristae density when compared to LNA-control 

animals as assessed by electron microscopy (Figure 6h-k). . Taken together, these data 

revealed that LNA-mediated silencing of miR-152 in vivo can attenuate the pathological 

cardiac remodeling and systolic dysfunction induced by chronic pressure overload in the 

mouse.

DISCUSSION

HF with reduced LV EF is highly prevalent and is associated with a 50% mortality in the 5 

years after diagnosis, despite current therapy. This study implicates miR-152 as an important 

regulator of cardiac systolic function and a potential therapeutic target for HF with reduced 

EF that is associated with common diseases, such as ischemic heart disease and 
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hypertension, and dilated cardiomyopathy. We determined that the miR-152 expression 

levels were increased in human and experimental animal models of HF. Upon 

overexpression of miR-152 in the murine myocardium at levels similar to those observed in 

human HF, the transgenic animals developed fulminant cardiomyopathy characterized by a 

systolic dysfunction and ventricular dilatation. Conversely, therapeutic miR-152 silencing 

attenuated the progression of cardiac dysfunction in a mouse model of pressure overload-

induced HF in vivo.

The deleterious effects of miR-152 overexpression were closely associated with disturbances 

of metabolic gene networks. This is consistent with the cardiac adaptation in HF away from 

FA metabolism43. Similar to the Tg152 hearts, the failing heart is characterized by the 

downregulation of mitochondria FA oxidation enzymes and a decrease capacity of the heart 

for FA oxidation33,43,44. Studies in transgenic mouse models strongly support that the 

reduction in the capacity to oxidize FAs in the myocardium has deleterious effects possibly 

explaining the early onset of the pathological remodeling and cardiac dysfunction in the 

Tg152 mice45. Given the diverse effects of miRNAs in post-transcriptional gene regulation, 

we theorize that miR-152 acts as a pleiotropic modulator of lipid metabolism and metabolic 

processes in the heart.

Mechanistically, we have identified a direct target of miR-152, Glrx5, an evolutionary 

conserved protein localized in the mitochondria that is essential for Fe-S cluster biosynthesis 

and mitochondrial iron homeostasis38,39. We observed that the downregulation of Glrx5 

correlates with alterations in the cardiomyocyte mitochondria, such as fragmentation, cristae 

remodeling, and iron overload. Consistent with our observations in the Tg152 hearts, the 

loss-of-function mutation of Glrx5 leads to mitochondrial iron overload in human 

fibroblasts46. Although there is a paucity of information regarding the role of Glrx5 in 

cardiovascular function, Fe-S protein biogenesis in mitochondria is a conserved and 

essential process of oxidative phosphorylation. It is plausible that the miR-152 plays an 

important role in mitochondrial iron homeostasis in the heart by modulating Glrx5. Since 

mitochondrial iron overload appears to be caused by a failure of Fe–S cluster biogenesis, it 

is likely that mitochondrial iron overload further impairs mitochondria structure and 

function by oxidatively damaging mitochondria, further contributing to the phenotype of the 

Tg152 mice. In support of this hypothesis, loss-of-function mutations in the frataxin gene 

(FXN), both in animal models47 and in patients diagnosed with Freidreich’s Ataxia 

(FRDA)48, disrupt the Fe-S complex biosynthesis, leading to iron overload in cardiac 

mitochondria, impairment of bioenergetics and HF. Considering the fundamental role of iron 

metabolism on cardiac energetics, these results suggest that modulation of Glrx5 levels by 

miR-152 may impact signaling networks playing an important role in mitochondrial 

homeostasis. However, we have identified that mir-152 interferes with multiple genes, 

although their specific contribution to HF pathogenesis remains to be elucidated. Recent 

studies suggest that miR-152 targets phosphatase and tensin homolog (PTEN) in the rat 

myoblast cell line H9C2 in vitro and hepatocytes in vivo49,50. However, we did not observe 

any significant changes in PTEN expression in our Tg152 transgenic animal model, 

suggesting that miRNA-target interactions are regulated in a context-dependent and cell-

type-specific manner. The cellular context of where the miRNA of interest performs its 
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physiological or pathological functions should be considered when establishing the 

repertoire of the miRNA target genes.

Finally, our proof-of-concept studies in a murine model of HF suggests that pharmacological 

silencing of miR-152 activity may protect against pathological cardiac remodeling and 

improve systolic function in patients with HF. LNA biochemistry enables the design of 

truncated LNA-modified anti-miRs, leading to high affinities toward their cognate miRNA 

targets in the heart in vivo51-54. Thus, pharmacological silencing of miR-152 activity has the 

potential for clinical translation. However, major challenges remain for development of 

oligonucleotide-based therapeutics, including bioavailability, specificity, and delivery. Future 

therapeutic approaches may include adeno-associated virus-based (AAV) anti-miR gene 

delivery engineered to enhance transduction specificity to cardiac myocytes within patients.

In summary, our findings show that miR-152 contributes to the heart failure phenotype, 

highlighting the pivotal roles played by miRNAs in mediating changes in gene expression 

and cardiomyocyte function. We demonstrated that pharmacological silencing of miR-152 

attenuated the progression of systolic dysfunction in vivo, suggesting that modulation of 

miR-152 may represent a novel therapeutic approach for HF, and warrants further 

investigation of the role of miR-152 in HF pathophysiology.
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WHAT IS NEW?

• MicroRNA-152 (Mir-152) is a novel micro-RNA upregulated in human heart 

failure.

• Cardiac myocyte specific overexpression of miR-152 in the murine heart 

leads to systolic dysfunction and dilated cardiomyopathy

• Pharmacological inhibition of miR-152 utilizing a locked nucleic acid (LNA) 

improves cardiac function in a murine model pressure overload-induced of 

heart failure

• We identified a new direct target of miR-152, Glutaredoxin-5 (GLRX-5), a 

mitochondrial iron-handling protein essential for iron-sulfur cluster synthesis 

and iron homeostasis.

WHAT ARE THE CLINICAL IMPLICATIONS?

• Elucidating the role of miRNAs in heart function could offer a better 

understanding of the pathophysiological mechanisms that contribute the heart 

failure phenotype, and possibly the development of new diagnostic and 

therapeutic tools.

• We provide proof-of-concept that modulation of miR-152 expression in the 

setting of pre-existing cardiac dysfunction could be a promising therapeutic 

strategy for heart failure
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Figure 1. miR-152 expression levels are increased in HF.
a) Hierarchical clustering of the dysregulated miRNAs in end-stage human HF. b) miR-152 

was the top ranked miRNA that was significantly upregulated in human non-failing (n=4) 

versus failing hearts (n=9) (q < 0.05). c) Schematic representation of the structure of the 

human COPZ2 gene containing the evolutionarily conserved miR-152 gene embedded in 

intron 1. d) Real-time PCR expression analysis of miR-152 expression in human non-failing 

versus failing LV tissue samples (n=4 per group). e) Real-time PCR expression analysis of 

miR-152 gene expression in a mouse model of heart failure induced by trans-aortic 

constriction (TAC). Mean ± se TAC vs. Sham-operated animals (n=6 per group). f) Real-

time PCR expression analysis miR-152 gene expression in a rat model of diabetes-induced 

heart failure. OLETF vs. LETO animals (n=4 per group). Box-and-whisker plots show the 

minimum, the 25th percentile, the median, the 75th percentile, and the maximum.*P < 0.001.
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Figure 2. Forced miR-152 expression in cadiomyocytes induces cardiac dilatation and overt 
cardiac dysfunction in mice.
a) Schematic diagram of the Cre-LoxP–mediated gene-switch strategy to establish 

transgenic animals with temporally regulated gene overexpression of miR-152 in the 

myocardium. Tamoxifen-induced gene switch in the hearts of double transgenic animals 

carrying both miR-152 and MCM alleles. MCM: MerCreMer; a-MHC: α-myosin heavy 

chain. b) Real-time PCR expression analysis of miR-152 gene expression in the myocardium 

of bi-trangenic mice (Tg152) and littermate MCM control mice (n=4 per group). 

Comparison by paired Student’s t-test. c-e) Echocardiography analysis of cardiac function 

and dimensions of Tg152 mice and MCM control littermates prior to and at 1- and 4-weeks 

post tamoxifen treatment (n=6 per group at each time point). Data represent mean *P < 

0.001 by 2-way ANOVA repeated measures test. f) Survival curve of Tg152 and control 

animals following tamoxifen administration. g) Representative Hematoxylin-Eosin staining 

of heart sections at 1 week and 4 weeks post tamoxifen treatment. h) Heart-weight-to-body 

weight ratios (n=9 animals per group). i) Assessment of cardiomyocyte diameters by wheat 

germ agglutinin staining (n=250 cardiomyocytes per group). Scale bar = 100 μm. j) Real-

time PCR expression analysis of Nppb and Nppa genes in the myocardium of bi-trangenic 

mice (Tg152) and littermate MCM control mice (n=6 per group). All Box-and-whisker plots 

show the minimum, the 25th percentile, the median, the 75th percentile, and the maximum. 
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FS=Fractional Shortening; LVID,s=Left ventricular internal diameter at end systole; LVID,d 

= Left ventricular internal diameter at end diastole.
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Figure 3. Forced expression of miR152 induces global mRNA changes in the heart.
a) Heatmap of the top 500 differentially expressed genes between Tg152 and control hearts 

at 1-week post tamoxifen treatment. b) Top 10 GO biological processes enrichment analysis 

of the upregulated genes (upper panel) and the top 10 GO biological processes enrichment 

analysis of the downregulated genes (lower panel).
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Figure 4. The mitochondrial Glrx5 gene is a direct miR-152 target.
a-b) Enrichment analysis of predicted miR152 ‘seed sequence’ motifs in the downregulated 

gene pool and upregulated gene pools. c) mRNA expression levels of 23 putative miR-152 

targets represented as a heatmap. d) Representative Western blot analysis of miR-152 

putative target Glrx-5 and densitometry analysis of the protein expression levels. 

Comparison by upaired student’s t-test; n=4 per group. Gapdh was used as a loading control. 

Numbers indicate the molecular weight marker size (kDa). e) Sequence complementarity 

between miR152 ‘seed sequence’ and Glrx5 3’-UTR. f) Pre-miR-152 mimic or pre-miR-

control mimics were co-transfected with Luciferase reporter vector carrying the Glrx5 3′-
UTR or a vector without the predicted binding site of miR-152. n=3 independent 

experiments. Comparison by 2-way ANOVA. All box-and-whisker plots show the minimum, 

the 25th percentile, the median, the 75th percentile, and the maximum.
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Figure 5. Mitochondria abnormalities in Tg152 hearts.
a-b) Representative electron microscopy images of longitudinal LV tissue sections showing 

the myofilament and mitochondria ultrastructures in control and Tg152 cardiomyocytes. 

Arrows indicate electron dense particles in mitochondria. (n=3 animals per group). c) 

Morphometric analysis of mitochondrial size from the electron microscopy images (n=225 

mitochondria, 3 hearts per group). d-e) Morphometric analysis of mitochondrial cristae 

quality and density in Tg152 and control cardiomyocytes. f) Quantification of mitochondria 

content in control and Tg152 cardiomyocytes expressed as percentage (%) of mitochondria 

occupied surface area per 100μm2. Comparison by unpaired student’s t-test; n=3 animals per 

group. g) Histological assessment of iron accumulation in heart LV cryosections in control 

and Tg152 by Prussian blue staining. Scale bar = 25 μm (n=3 animals in each group). h) 

Representative Western blot analysis of Sdhb and densitometry analysis of the protein 

expression levels. Comparison by unpaired Student’s t-test; n=4 animals per group. Gapdh 

was used as a loading control. Number indicate the molecular weight marker size (kDa). 

Box-and-whisker plots show the minimum, the 25th percentile, the median, the 75th 

percentile, and the maximum.
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Figure 6. LNA-mediated inhibition of miR-152 in a TAC model of HF.
a) Schematic representation of the anti-miR-152 therapy protocol. At 2 weeks post TAC 

operation, mice were dosed at 20mg/Kg every three days for 1 week by intraperitoneal 

injections of the anti-miR oligonucleotides. b) Echocardiographic analysis of cardiac 

ejection fraction (EF) in TAC operated mice at randomization before receiving either anti-

miR152 (LNA-152, n = 9) or control (LNA-control, n = 10). Sham operated animals (Sham, 

n=4) are shown for comparison. c) Time course assessment of cardiac EF. Box-and-whisker 

plots show the minimum, the 25th percentile, the median, the 75th percentile, and the 

maximum. ***P < 0.001 LNA-152 vs LNA control by 2-way ANOVA repeated measures. 

Arrow indicates the time of LNA administration. Sham, n =4; LNA-152, n = 9; LNA-

control, n = 10. d) Cardiac EF at the endpoint. Values represent mean ± sd. Comparison by 

1-way Anova. Sham, n =4; LNA-152, n = 9; LNA-control, n = 10. e) Heart weight-to-body 

weight ratios. Sham, n=4; LNA-152, n = 9; LNA-control, n = 10. Box-and-whisker plots 

show the minimum, the 25th percentile, the median, the 75th percentile, and the maximum. 

f) Assessment of cardiac fibrosis at the endpoint. Box-and-whisker plots show the minimum, 

the 25th percentile, the median, the 75th percentile, and the maximum. n=3 hearts per group. 

Comparison by one-way Anova: *P < 0.05 LNA-ctr vs LNA-152. g) Expression levels of 

Glrx5 at the endpoint. Comparison by 1-way ANOVA. ***P < 0.001 LNA-ctr vs LNA-152. 

n=3 hearts per group h-i) Representative electron microscopy images of mitochondria 

ultrastructures in treated animals. Inset scale bar = 2 μm. j-k) Morphometric analysis of 

mitochondrial size and cristae density at the endpoint. n=300 mitochondria from 2 hearts per 

group.
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