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Abstract

Background: MicroRNA-150 (miR-150) plays a protective role in heart failure (HF). 

Long noncoding RNA (ncRNA), Myocardial Infarction-Associated Transcript (MIAT) regulates 

miR-150 function in vitro by direct interaction. Concurrent with miR-150 downregulation, MIAT 

is upregulated in failing hearts, and gain-of-function single nucleotide polymorphisms in MIAT 
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are associated with increased risk of MI in humans. Despite the correlative relationship between 

MIAT and miR-150 in HF, their in vivo functional relationship has never been established, and 

molecular mechanisms by which these two ncRNAs regulate cardiac protection remain elusive.

Methods: We use MIAT knockout (KO), homeobox a4 (Hoxa4) KO, MIAT transgenic (TG) and 

miR-150 TG mice. We also develop double transgenic (DTG) mice overexpressing MIAT and 

miR-150. We then employ a mouse model of MI followed by cardiac functional, structural and 

mechanistic studies by echocardiography, immunohistochemistry, transcriptome profiling, Western 

blotting and quantitative real-time RT-PCR. Moreover, we perform expression analyses in hearts 

from patients with HF. Lastly, we investigate cardiac fibroblast (CF) activation using primary adult 

human CFs and in vitro assays to define the conserved MIAT/miR-150/HOXA4 axis.

Results: Using novel mouse models, we demonstrate that genetic overexpression of MIAT 

worsens cardiac remodeling, while genetic deletion of MIAT protects hearts against MI. 

Importantly, miR-150 overexpression attenuates the detrimental post-MI effects caused by MIAT. 

Genome-wide transcriptomic analysis of MIAT null mouse hearts identifies Hoxa4 as a novel 

downstream target of the MIAT/miR-150 axis. Hoxa4 is upregulated in CFs isolated from 

ischemic myocardium and subjected to hypoxia/reoxygenation. HOXA4 is also upregulated in 

patients with HF. Moreover, Hoxa4 deficiency in mice protects the heart from MI. Lastly, 

protective actions of CF miR-150 are partially attributed to the direct and functional repression of 

pro-fibrotic Hoxa4.

Conclusions: Our findings delineate a pivotal functional interaction among MIAT, miR-150 and 

Hoxa4 as a novel regulatory mechanism pertinent to ischemic HF.
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Introduction

Controlling microRNA (miR) biogenesis in the heart is an important underlying mechanism 

of heart failure (HF)1–5. Intriguingly, novel miR therapies are being used in clinical 

trials for other diseases6–9 and more recently for HF10. Our previous study revealed that 

miR-150–5p (hereinafter referred to as miR-150) is upregulated by the β-adrenergic receptor 

(βAR) antagonist (β-blocker), carvedilol (Carv) acting through the β-arrestin1-biased β1AR 

cardioprotective signaling11. Using a global miR-150 knockout (KO) mouse model, we 

also reported that β1AR/β-arrestin1-responsive miR-150 confers cardiac protection against 

myocardial infarction (MI)12. Interestingly, miR-150 is downregulated in patients with 

multiple cardiovascular diseases (CVDs) such as acute MI (AMI), atrial fibrillation, dilated 

cardiomyopathy and ischemic cardiomyopathy13–16, as well as in multiple mouse models of 

HF (MI, transverse aortic constriction [TAC] and ischemia/reperfusion [I/R] injury)12, 17, 18. 

MiR-150 is conserved between mice and humans, and significantly associated with HF 
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severity and outcomes in humans19. Collectively, previous studies established the strong 

clinical relevance and potential diagnostic/prognostic/therapeutic application of miR-150 as 

a key mediator of cardiac protection. However, the upstream regulators controlling miR-150 

have not been well elucidated. Also, there is a lack of mechanistic insight by which miR-150 

confers cardiac protection.

Long noncoding RNAs (LncRNAs) have recently emerged as important regulators of cardiac 

development and disease20, 21. LncRNA therapeutics are accordingly under development by 

pharmaceutical companies22–25. Emerging evidence also suggests that the crosstalk among 

lncRNAs, miRs, and messenger RNAs (mRNAs) represents a novel regulatory mechanism 

underlying the pathogenesis of CVDs. Specifically, lncRNAs act as competing endogenous 

RNAs (ceRNAs) that sponge miRs, thereby activating target genes of miRs26. It was 

reported that MIAT (also known as Gomafu27), an intergenic and highly conserved lncRNA, 

directly interacted with miR-150 in vitro (evident by luciferase assays as well as RNA pull-

down and immunoprecipitation assays) and functioned as a ceRNA for miR-150 in ocular 

cells28, 29. Interestingly, previous studies uncovered the association between gain-of-function 

single nucleotide polymorphisms (SNPs) in MIAT and an increased risk of MI30, 31. MIAT 

upregulation was found in patients with Chagas cardiomyopathy32 and directly associated 

with maladaptive cardiac remodeling in patients with type 2 diabetes33. Rodent studies 

also showed that MIAT was upregulated in mouse models of MI, angiotensin II (AngII)- 

or isoproterenol (ISO)-induced cardiac hypertrophy, and diabetic cardiomyopathy, as well 

as in cardiomyocytes (CMs) or cardiac fibroblasts (CFs) subjected to AngII, ISO, high 

glucose, or simulated ischemia/reperfusion (sI/R)34–38. Lentivirus-mediated knockdown of 

MIAT improved cardiac function and structure in post-MI36 and diabetic hearts34, as well 

as reduced I/R-induced myocardial infarct size and apoptosis35. In cultured CMs, MIAT 

knockdown inhibited CM apoptosis against high glucose or sI/R34, 35, and MIAT positively 

regulated CM hypertrophy in vitro in part by suppressing miR-150 expression37, 38. Despite 

these increasing data from previous correlative studies, direct evidence firmly establishing in 
vivo functional relationship between MIAT and miR-150 in HF is lacking, and mechanisms 

by which MIAT mediates cardiac pathology have not been adequately defined using 

appropriate mouse models.

Homeobox a4 (HOXA4) is a transcription factor and highly conserved in vertebrates. 

Previous studies suggested that Hoxa4 is involved in patterning embryonic mouse lungs39 

and early chick hearts40. Accumulated evidences also indicated the overexpression of 

this development-associated gene in colorectal and ovarian cancers41, 42. Knockdown of 

a myelopoiesis-associated regulatory lncRNA (HOTAIRM1), which is expressed specifically 

in the myeloid lineage, was shown to inhibit retinoic acid-induced expression of Hoxa4 
during the myeloid differentiation in vitro43. However, little is known about regulatory 

mechanisms of Hoxa4 by ncRNAs. Especially, whether Hoxa4 is functionally regulated by 

the Carv-responsive miR-150, as well as contributes to maladaptive cardiac cell function and 

cardiac pathology are unknown.

Using novel mouse models, an unbiased genome-wide profiling, and primary human 

CFs (HCFs), we demonstrate here that (i) genetic overexpression of MIAT exacerbates 

maladaptive post-MI remodeling, while global genetic deletion of MIAT in mice protects 
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hearts against MI; (ii) miR-150 overexpression attenuates maladaptive post-MI remodeling 

caused by overexpression of MIAT; (iii) Hoxa4 is a novel downstream target of the MIAT/

miR-150 axis; (iv) Hoxa4 loss protects the mouse heart against MI; (v) the expression of 

Hoxa4 is upregulated selectively in CFs isolated from ischemic myocardium; (vi) HOXA4 
is upregulated in patients with HF with reduced ejection fraction (HFrEF), but its expression 

is downregulated in mouse hearts and HCFs by Carv, which is inversely associated with the 

expression of miR-150; and (vii) the protective action of miR-150 is mediated by the direct 

and functional repression of pro-fibrotic HOXA4 in HCFs. Therefore, the MIAT/miR-150/

Hoxa4 axis may be considered as a novel therapeutic option for ischemic heart disease.

Methods

Availability of data and materials

The microarray data discussed in this study have been deposited in NCBI’s Gene Expression 

Omnibus and are accessible through GEO Series access number GSE185396. All other data 

that are not included in this publication, analytical methods and study materials will be made 

available to other researchers for purposes of reproducing results or replicating procedures. 

Other methods are provided in Supplemental Material.

MiR-150 knockout (KO), MIAT KO and transgenic (TG) mice, and generation of MIAT/
miR-150 double TG (DTG) mice

Systemic miR-150 KO mice were purchased from the Jackson Laboratory 

(007750). MIAT/Gomafu KO mice lacking PGK-Neomycin cassette were generated 

by crossing the Gomafu KO mice described in Ip et al.44 with a transgenic 

mouse expressing Flp recombinase. CAG promoter-driven MIAT TG mice were 

generated by injecting pCAG-Gomafu27 into the pronuclei of fertilized mouse 

eggs using standard methods. For genotyping, following primers were used 

(MIAT_TG_Forward: TACAGCTCCTGGGCAACGTGCTGGTTA, MIAT_TG_Reverse: 

ACACGAACAAGCACCCATCT, MIAT_KO_Forward: GCCTCTCCACTGGCCAGCGT, 

and MIAT_KO_Reverse: CCAATCTTGGCTCACCAGCAACTC). A CAG promoter-driven 

miR-150 TG mouse line45 was kindly provided by Dr. Jennifer Richer at University of 

Colorado, and was then bred to MIAT TG mice to generate the novel MIAT/miR-150 

DTG mouse line. Mice were maintained on a C57BL/6J background, and wild type (WT) 

littermates were used as controls.

Hoxa4 mutant mouse strain

Hoxa4 heterozygous mutant mice were obtained from the Mutant Mouse Resource & 

Research Centers (RRID: MMRRC_067050-UCD). This mutant mouse line was generated 

using the CRISPR/Cas9 strategy. In brief, CRISPR guide(s) and the Cas9 protein were 

microinjected into C57BL/6NCrl zygotes and progeny were screened for the desired 

mutation. Founders were mated to C57BL/6NCrl breeders, and derived F1 offspring were 

identified by PCR and sequencing. F1 mice were then mated again to C57BL/6NCrl 

breeders to generate F2 mice, which were identified by PCR and sequencing. The CRISPR-

mediated genetic alteration resulted in the deletion of exon 1, the coding region of exon 2 

and flanking splicing regions from the Hoxa4 gene locus. The obtained Hoxa4 heterozygous 
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mutant mice were bred to generate Hoxa4 KO mice and WT littermates for the current study. 

For genotyping, the following primers were used. WT Forward: 5’- GAA AGC ACA AAC 

TCA CAG CCC ACA C −3’, WT Reverse: 5’- TTT GGT GTC TCG GGT TTA CTT AGG 

−3’, KO Forward: 5’- AGC CTG GTT GGA CTG GAG ATC G −3’, and KO Reverse: 5’- 

CAC ACC TAC CAT CAA GGT CTA CAC ACT −3’.

Human heart samples

Left ventricle (LV) samples of failing human hearts were collected from ischemic 

cardiomyopathy and non-ischemic cardiomyopathy patients, who were hospitalized with 

heart failure with reduced ejection fraction (HFrEF) and underwent orthotopic cardiac 

transplantation as previously described46. LV tissues were dissected and snap-frozen in 

liquid nitrogen. The frozen samples were then stored in the specimen storage facility at 

the Indiana Clinical and Translational Sciences Institute located at Indiana University. Non-

failing LV tissues were obtained from donor hearts not suitable for transplantation, as well 

as were collected and stored in the same manner. Demographic characteristics of these LV 

tissue samples are provided in Supplemental Table I.

Ethics committee approval

The use of animals in this study was conformed to the Guidelines for the Care and Use 

of Laboratory Animals published by the National Institutes of Health in USA. Animals 

were euthanized by thoracotomy under 1–4% inhalant isoflurane. All animal experiments 

were performed according to the protocols approved by the Institutional Animal Care 

and Use Committee at Indiana University (approval reference #19018). Eight to sixteen-

week-old C57BL/6J mice of both genders were used. One dose of buprenorphine SR Lab 

(0.05mg/kg; ZooPharm) was given subcutaneously immediately before the surgery. We 

used responses to toe/skin pinch and heart rate for optimal anesthesia and appropriate 

post-operative monitoring plans. All of the procedures involving human samples were 

conformed to the principles outlined in the Declaration of Helsinki and the Guidelines 

for the Health Insurance Portability and Accountability Act (HIPAA), as well as approved 

by the Indiana University Institutional Review Board (approval reference #08–018). All 

participants provided informed written consent prior to inclusion in the study.

Statistics

Data are shown as mean ± SEM (unless noted otherwise in the figure legend) from 

independent experiments with different biological samples per group. Normality was 

assessed with the Kolmogorov-Smirnov test. Statistical significance was determined by 

unpaired 2-tailed t-test for comparisons between 2 groups, 1-way ANOVA with Tukey 

multiple comparison test for multiple groups, 2-way ANOVA with Tukey multiple 

comparison test for comparisons between 2 groups with different treatments, and 2-way 

repeated-measures ANOVA with Bonferroni post hoc test for 2 groups over time. A P 
value <0.05 was considered statistically significant. P values are indicated as follows: 

*, # or §P<0.05, **, ## or §§P<0.01, and ***, ### or §§§P<0.001.
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Results

MIAT deletion in mice attenuates cardiac dysfunction and remodeling post-MI

To define in vivo roles of MIAT in cardiac injury, we first conducted the permanent 

ligation of LAD artery in mice to induce MI. In consistent with a previous report in the 

heart at 1, 2 and 4 weeks post-MI36, we observe cardiac upregulation of MIAT in WT 

mice subjected to 4 weeks of MI (Figure 1A), concurrent with miR-150 downregulation12. 

We next examined the expression of MIAT in different cardiac cell types, and we find 

that its expression at baseline is significantly higher in cardiac inflammatory cells (CIs) 

and CFs than CMs and cardiac endothelial cells (CEs). Interestingly, MIAT expression is 

upregulated only in CMs and CFs isolated from ischemic myocardium (Figure 1B). We then 

examined MIAT KO mice and show that MIAT KO mice exhibit normal cardiac function 

at baseline (Supplemental Table II and Figure 1C–D) but respond differently to ischemic 

cardiac injury. Despite the normal cardiac function of MIAT KO mice at post-MI 1 week 

(Supplemental Table III), MI results in a significant improvement of cardiac function at 2 

weeks (Supplemental Table IV) and 4 weeks (Figure 1C–D and Supplemental Table V), 

which are indicated by increased EF and FS as compared to WT controls.

We also find that MIAT KO MI hearts exhibit a decrease in loss of normal architecture 

and cellular integrity (Figure 2A), which is consistent with decreased mRNA levels of 

fetal Nppa (Supplemental Figure IA) after 4 weeks of MI compared to WT MI hearts. To 

further determine the response of MIAT KO mice to MI, we assessed the degree of fibrosis 

by Masson’s trichrome staining of the hearts at 4 weeks post-MI. We observe that MIAT 

KO hearts contain significantly smaller fibrotic regions than WT hearts post-MI (Figure 

2B–C and Supplemental Figure II). MIAT KO MI hearts also exhibit decreased expression 

of fibrotic Ctgf (Supplemental Figure IB) compared to WT controls. Lastly, we examined 

evidence of apoptosis, and we find that MIAT KO hearts display decreased numbers of 

TUNEL-positive cells post-MI (Supplemental Figure IIIA–B) and mRNA levels of apoptotic 

Bak1 (Supplemental Figure IIIC) compared to WT hearts. Collectively, these results indicate 

for the first time that genetic deletion of MIAT in mice improves cardiac structural and 

functional abnormalities associated with post-MI remodeling.

Genetic overexpression of MIAT exacerbates maladaptive post-MI remodeling

To test if MIAT augments ischemic cardiac injury, we next subjected MIAT TG mice to 

MI. We first observe that cardiac function of MIAT TG mice is indistinguishable from WT 

controls at baseline (Supplemental Table II and Figure 1C–D). However, MI significantly 

worsens cardiac function of MIAT TG mice at 1 week, which is indicated by decreased 

EF and FS, as well as an increase in end-diastolic volume (EDV), end-systolic volume 

(ESV) and systolic left ventricular interior diameter [LVID] (Supplemental Table III). MIAT 

TG mice also display impaired cardiac function at 2 weeks post-MI, which is shown by a 

significant decrease in EF, FS and systolic left ventricular anterior wall thickness (LVAW), 

as well as a significant increase in ESV, diastolic LVID and systolic LVID (Supplemental 

Table IV). MI also causes augmented cardiac dysfunction in MIAT TG mice at 4 weeks, as 

evidenced by a significant decrease in EF, FS and diastolic LVAW, as well as a significant 

increase in EDV, ESV, diastolic LVID and systolic LVID (Figure 1C–D and Supplemental 
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Table V). In contrast, WT controls show less functional impairment at 1 week (Supplemental 

Table III), 2 weeks (Supplemental Table IV) and 4 weeks following MI (Figure 1C–D and 

Supplemental Table V). Notably, MIAT TG mice have no increase in post-MI mortality 

(Supplemental Table II–V: see n for animal numbers per each group at Week 0, Week 1, 

Week 2 and Week 4 after MI. N=2 for MIAT TG and WT are died within 1 week after MI).

We also find that MIAT TG hearts exhibit an increase in loss of normal architecture and 

cellular integrity post-MI (Figure 2A), as well as increased expression levels of fetal Nppb 
and inflammatory Tnf-α (Supplemental Figure IVA–B) after 4 weeks of MI compared to 

WT MI hearts. Using Masson’s trichrome staining of the hearts at 4 weeks post-MI, we 

observe small regions of fibrosis in WT hearts, while MIAT TG hearts have significantly 

larger fibrotic areas (Figure 2B–C and Supplemental Figure II). Lastly, we show that MIAT 

TG MI hearts contain higher numbers of TUNEL-positive cells (Supplemental Figure IIIA–

B) and increased mRNA levels of apoptotic Bak1 (Supplemental Figure IIIC) compared to 

WT MI hearts. Taken together, our data using a novel mouse model suggest that MIAT 

overexpression significantly augments cardiac dysfunction, as well as stress, fibrosis, and 

apoptosis in the heart after MI.

MiR-150 overexpression attenuates excessive maladaptive post-MI remodeling mediated 
by MIAT overexpression

Although MIAT and miR-150 are associated with HF in humans19, 30, 31 and their 

correlative relationship in CMs in vitro is shown37, 38, in vivo functional relationship 

between these two ncRNAs in the heart has not been established. We first observe that 

cardiac miR-150 is upregulated in MIAT KO mice (Supplemental Figure VA–B), while both 

miR-150 loss and miR-150 overexpression do not affect the cardiac expression of MIAT 

(Supplemental Figure VC–D). We also confirm that miR-150 is downregulated in MIAT 

TG mouse hearts (Supplemental Figure VIA–B), and two known direct targets of miR-150, 

egr2 and p2×7r12, are upregulated in MIAT TG mouse hearts (Supplemental Figure VIC–

D). These results suggest that MIAT suppresses miR-150 in mouse hearts, presumably 

acting through a target RNA‐directed miR decay mechanism with multiple binding sites47. 

This notion is supported by the facts that MIAT has three potential binding sites of 

miR-15037, and that MIAT directly interacts with miR-150 in vitro evident by luciferase 

assays as well as RNA pull-down and immunoprecipitation assays28, 48. Moreover, mouse 

and human MIAT genes have almost identical genomic organization, indicating evolutionary 

conservation of MIAT’s regulation of miR-150 and their roles in both species.

To directly investigate in vivo functional interaction between MIAT and miR-150 in the 

heart, we generated a novel MIAT/miR-150 DTG mouse line by breeding MIAT TG 

mice with miR-150 TG mice. We first show that MIAT/miR-150 DTG mouse hearts 

are functionally normal at baseline (Supplemental Table II and Figure 1C–D). However, 

a significant improvement of cardiac function at 1 week after MI is observed in MIAT/

miR-150 DTG mice compared to MIAT TG mice, which is indicated by an increase in EF 

and FS, as well as a decrease in EDV, ESV, diastolic LVID and systolic LVID (Supplemental 

Table III). MIAT/miR-150 DTG mice also display enhanced cardiac function at 2 weeks 

post-MI, as evidenced by a significant increase in EF, FS, and systolic LVAW, as well as 
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a significant decrease in ESV and systolic LVID (Supplemental Table IV) as compared to 

MIAT TG mice. MI also causes improved cardiac function in MIAT/miR-150 DTG mice 

at 4 weeks compared to MIAT TG mice, as shown by a significant increase in EF, FS and 

systolic LVAW, as well as a significant decrease in EDV, ESV, diastolic LVID and systolic 

LVID (Figure 1C–D and Supplemental Table V).

MIAT/miR-150 DTG hearts also display a decrease in loss of normal architecture 

and cellular integrity (Figure 2A), as well as decreased mRNA levels of fetal Nppb 
(Supplemental Figure IVA) after 4 weeks of MI compared to MIAT TG hearts. The 

expression of inflammatory Tnf-α is also reduced in MIAT/miR-150 DTG hearts 

(Supplemental Figure IVB), as compared to MIAT TG hearts. We next observe reduced 

fibrosis post-MI in MIAT/miR-150 DTG hearts compared to MIAT TG hearts (Figure 2B–C 

and Supplemental Figure II). Lastly, MIAT/miR-150 TG hearts contain lower numbers of 

TUNEL-positive cells post-MI (Supplemental Figure IIIA–B) and decreased mRNA levels 

of apoptotic Bak1 (Supplemental Figure IIIC) compared to MIAT TG hearts. Altogether, 

our data suggest that miR-150 overexpression ameliorates maladaptive post-MI remodeling 

caused by overexpression of MIAT, and that MIAT is a functionally important upstream 

negative regulator of miR-150 in the heart, thereby competitively sequestering miR-150 

from its targets.

MIAT regulates the expression of a subset of cardiac genes post-MI involved in dilated 
cardiomyopathy, hypertrophic cardiomyopathy, renin-angiotensin system and extracellular 
matrix-receptor interaction

Although MIAT and miR-150 are known to be involved in HF19, 30, 31, the detailed 

mechanisms of their actions remain elusive. To investigate how cardiac MIAT exerts its 

function, we performed transcriptome profiling of LVs from WT and MIAT KO mice 

subjected to sham or MI for 4 weeks. Among 24,881 mouse genes that we profiled, 304 

genes are significantly upregulated (Supplemental Figure VIIA and Supplemental Table 

VI; see up_Group2 vs Group1 sheet), and 283 genes are significantly downregulated 

(Supplemental Figure VIIA and Supplemental Table VI; see down_Group2 vs Group1 sheet) 

in sham MIAT KO compared to sham WT. We also find that 1,825 genes are significantly 

upregulated (Supplemental Figure VIIB and Supplemental Table VI; see up_Group3 vs 

Group1 sheet), and 1,517 genes are significantly downregulated (Supplemental Figure VIIB 

and Supplemental Table VI; see down_Group3 vs Group1 sheet) in MI WT compared to 

sham WT. In addition, 90 genes are significantly upregulated, and 78 genes are significantly 

downregulated (Supplemental Figure VIIC) in MI MIAT KO compared to sham MIAT 

KO. Lastly, we observe that 1,108 genes are significantly upregulated (Supplemental Figure 

VIID and Supplemental Table VI; see up_Group4 vs Group3 sheet), and 1,233 genes are 

significantly downregulated (Supplemental Figure VIID and Supplemental Table VI; see 

down_Group4 vs Group3 sheet) in MI MIAT KO compared to MI WT.

To discover the functional roles of differentially regulated genes in MIAT KO, we then 

classified differentially expressed genes by the signaling pathway classification system of 

Kyoto Encyclopedia of Genes and Genomes (KEGG). Our signaling pathway analysis in 

sham MIAT KO compared to sham WT demonstrates that upregulated genes are involved 
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in extracellular matrix (ECM)-receptor interaction, NF-κB signaling pathway, cytokine-

cytokine receptor interaction, and thyroid hormone signaling pathway (Supplemental 

Figure VIIIA). In contrast, downregulated genes are related to leukocyte trans-endothelial 

migration, adrenergic signaling in CMs, cAMP signaling pathway, and MAPK signaling 

pathway (Supplemental Figure IXA). We also find that the top canonical signaling pathways 

for upregulated genes in MI WT compared to sham WT include chemokine signaling 

pathway, viral myocarditis, and relaxin signaling pathway (Supplemental Figure VIIIB). 

In contrast, downregulated genes are involved in signaling pathways regulating carbon 

metabolism, propanoate metabolism, TCA cycle, glyoxylate and dicarboxylate metabolism, 

and arrhythmogenic right ventricular cardiomyopathy [ARVC] (Supplemental Figure IXB). 

Moreover, the expression of genes involved in ECM-receptor interaction, focal adhesion, 

and AGE-RAGE signaling pathway are significantly upregulated (Supplemental Figure 

VIIIC), while the expression of genes involved in glycolysis/gluconeogenesis, synthesis 

and degradation of ketone bodies, metabolism of xenobiotics by cytochrome P450, drug 

metabolism, and butanoate metabolism are significantly downregulated (Supplemental 

Figure IXC) in MI MIAT KO compared to sham MIAT KO. Lastly, we observe that 

genes involved in dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM) 

and renin-angiotensin system are significantly increased (Supplemental Figure VIIID) in MI 

MIAT KO compared to MI WT. In contrast, genes involved in relaxin signaling pathway, 

focal adhesion, renin secretion, ECM-receptor interaction and gap junction are significantly 

decreased (Supplemental Figure IXD). Overall, our transcriptomic data suggest that MIAT 

regulates the expression of a subset of genes/signaling pathways in the heart to increase 

maladaptive cardiac remodeling.

MIAT activates Hoxa4, Fmo2, Lrrn4, Marveld3 and Fat4 in mouse hearts

To identify novel MIAT targets that promote cardiac pathology and impair myocardial cell 

responses, we filtered 21 significantly dysregulated genes from our array dataset based on 

the correlation between genotypes and transcript signatures (Figure 3A–B, I), as well as 

the correlation between cardiac phenotypes shown in Figure 1–2 and transcript signatures 

from MI WT vs. Sham WT (Figure 3A–B, II) or MI MIAT KO vs. MI WT (Figure 3A–B, 

III). The rationale to focus on these 18 potentially maladaptive genes (Ces1f, Cdh19, Seh1l, 
Postn, Echdc1, Ctla2b, Luc7i, Fmo2, Hoxa4, Nap1l1, Sgce, Ifih1, Prpf31, Lrrn4, Marveld3, 
Itsn1, Ergic2, and Fat4) is that they are downregulated in both sham MIAT KO vs. Sham 

WT (i.e., genotype effects) and MI MIAT KO vs. MI WT (i.e., phenotypic effects of KO), 

but upregulated in MI WT vs. sham WT (i.e., MI effects) (Figure 3A–C). The rationale to 

focus on these 3 potentially beneficial genes (Chn2, Sycp1, and Cbfa2t3) is that they are 

upregulated in both sham MIAT KO vs. Sham WT (i.e., genotype effects) and MI MIAT KO 

vs. MI WT (i.e., phenotypic effects of KO), but downregulated in MI WT vs. sham WT (i.e., 

MI effects) (Figure 3A–C).

Using real-time PCR analyses to validate the expression of the 21 filtered genes, we find 

that homeobox a4 (Hoxa4), flavin-containing dimethylaniline monooxygenase 2 (Fmo2), 

leucine-rich repeat neuronal 4 (Lrrn4), MARVEL domain containing 3 (Marveld3) and 

FAT atypical cadherin 4 (Fat4) in LVs are upregulated after MI. However, the 5 genes are 

downregulated in MIAT KO compared to WT and in MI MIAT KO compared to MI WT 
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controls (Figure 3D–I). Notably, the expression of these 5 genes is upregulated in post-MI 

hearts (Figure 3E–I), concurrent with miR-150 downregulation12 and MIAT upregulation in 

the heart (Figure 1A). Thus, our transcript validation analyses suggest that Hoxa4, Fmo2, 
Lrrn4, Marveld3 and Fat4 are novel targets of MIAT post-MI.

MiR-150 directly represses a novel target, Hoxa4

Given that MIAT upregulates Hoxa4, Fmo2, Lrrn4, Marveld3 and Fat4, and represses 

miR-150 in the heart, we next tested whether these 5 genes are downregulated by miR-150. 

We observe that Hoxa4 is indeed downregulated in miR-150 TG mouse hearts (Figure 

4A). Our in vivo protein analysis also reveals significantly decreased levels of HOXA4 

in miR-150 TG mouse hearts compared to WT controls (Supplemental Figure XA). 

Interestingly, cardiac Fmo2 and Fat4 are increased in miR-150 TG mice (Figure 4B–C), 

and Lrrn4 and Marveld3 are not dysregulated in miR-150 TG mouse hearts as described in 

Figure 4 legend. These results suggest that MIAT activates Fmo2, Fat4, Lrrn4 and Marveld3 
in a miR-150-independent mechanism (i.e., not by downregulating miR-150).

Next, our in vivo protein analysis reveals significantly decreased levels of HOXA4 in MIAT 

KO mouse hearts compared to WT controls and significantly elevated levels of HOXA4 at 4 

weeks post-MI (Supplemental Figure XB–C), which are consistent with mRNA data (Figure 

3E). Interestingly, Hoxa4 is also upregulated at 3 days and 7 days after MI (Supplemental 

Figure XI). We also find for the first time that LV HOXA4 is upregulated in patients 

with HFrEF (Figure 4D), concurrent with downregulation of cardiac miR-15013, 14 and 

upregulation of cardiac MIAT32. Our human data on cardiac upregulation of HOXA4 is 

in agreement with studies from colorectal and ovarian cancer patients41, 42, as well as 

our mRNA and protein data on mouse hearts (Figure 3E, Supplemental Figure XB–C and 

Supplemental Figure XI). Interestingly, LV FMO2 is decreased in patients with HFrEF 

(Figure 4E). We also show that LV LRRN4 is downregulated in patients with HFrEF (Figure 

4F), which is consistent with a previous report on hearts from patients with DCM and mice 

subjected to TAC49. Notably, FAT4 is not dysregulated in HFrEF patients and MARVELD3 
is undetectable in human LVs as described in Figure 4 legend. Based on these results, we 

focused on Hoxa4 as a novel regulatory target of miR-150.

We accordingly employed bioinformatic miR target prediction tools50–53 and identify 

a putative binding site for miR-150 in mouse Hoxa4 3’-untranslated region (UTR). 

Interestingly, mouse and human Hoxa4 genes have one miR-150 binding site, suggesting 

the conserved regulation of Hoxa4 by miR-150 and their roles in mice and humans. To 

examine whether Hoxa4 is a direct target of miR-150, we co-transfected miR-150 mimics 

and constitutively active luciferase (LUC) reporter constructs containing the binding site 

of miR-150 in mouse Hoxa4 (Figure 5A). We observe the repressed LUC activity by 

miR-150 for the WT Hoxa4 reporter. When we mutated seed binding sites for miR-150, 

miR-150 overexpression does not decrease LUC activity (Figure 5B), indicating that 

miR-150 suppresses Hoxa4 in a sequence-specific manner. Together with previous in vitro 
studies reporting the direct interaction between MIAT and miR-150 as evidenced by LUC 

assays28, 37, 48, our data thus suggest that Hoxa4 is a novel direct target of the MIAT/

miR-150 axis.
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HOXA4 is a transcription factor and highly conserved in vertebrates. Hoxa4 was reported 

to be involved in the patterning of the early chick heart40. Notably, our fractionation studies 

of different cardiac cell types show that Hoxa4 expression at baseline is significantly 

lower in CFs than CIs, CMs and CEs. Interestingly, Hoxa4 is upregulated selectively 

in CFs isolated from mouse hearts post-MI (Figure 5C), which is similarly associated 

with MIAT expression (Figure 1B). Interestingly, Hoxa4 is downregulated selectively in 

CMs isolated from mouse hearts post-MI (Figure 5C), which is not correlated with MIAT 

expression (Figure 1B). Thus, our cardiac cell fractionation results (Figure 1B and Figure 

5C) and in vivo data (Figure 1A, Figure 3E and Supplemental Figure X) suggest that 

MIAT activates Hoxa4 in CFs, not in CMs. Given that cardiac miR-150 is upregulated 

by cardioprotective β-blocker Carv11, we next asked whether Carv inversely regulates the 

novel target of miR-150, Hoxa4 in hearts of WT mice. Indeed, Hoxa4 is downregulated 

in mouse hearts after Carv (Supplemental Figure XIIA–B). Together with our in vivo data 

revealing significantly decreased levels of Hoxa4 and HOXA4 in MIAT KO mouse hearts 

(Figure 3E and Supplemental Figure XB) and miR-150 TG mouse hearts (Figure 4A and 

Supplemental Figure XA) compared to WT controls, these results indicate that Hoxa4 is a 

critical downstream target of the cardiac MIAT/miR-150 dyad.

MiR-150 negatively regulates CF activation in part by functionally inhibiting pro-fibrotic 
Hoxa4

Due to cardiac upregulation of miR-150 by Carv11 concurrent downregulation of Hoxa4 
(Supplemental Figure XIIA–B), and miR-150’s downregulation in CFs isolated from TAC 

mice54 concurrent upregulation of Hoxa4 selectively in CFs during MI (Figure 5C), we next 

focused on CFs to test whether miR-150 and Hoxa4 are inversely regulated in CFs treated 

with Carv, as well as CFs subjected to hypoxia/reoxygenation conditions. Indeed, HOXA4 
is downregulated in HCFs subjected to hypoxia/reoxygenation conditions after Carv 

(Supplemental Figure XIIC), concurrent upregulation of miR-150 (Supplemental Figure 

XIID). We also observe that HOXA4 is increased in HCFs after hypoxia/reoxygenation 

(Supplemental Figure XIIC), which is consistent with our in vivo results in post-MI 

hearts (Figure 3E) and isolated CFs from ischemic myocardium (Figure 5C). Notably, we 

find that miR-150 is downregulated in HCFs after hypoxia/reoxygenation (Supplemental 

Figure XIID). Together with previous reports on miR-150 downregulation in hypoxia/

reoxygenation and MI12, as well as I/R55, 56, our results strongly suggest that Hoxa4 is 

a critical functional target of miR-150 in CFs.

Since Hoxa4 expression is selectively upregulated in CFs isolated from ischemic 

myocardium (Figure 5C), concurrent with downregulation of miR-150 in CFs isolated from 

TAC mice54, and miR-150 negatively regulates CF activation in vitro54, we next investigated 

if the novel target of miR-150, HOXA4 regulates HCF activation. Our loss-of-function 

studies uncover that compared to controls, HOXA4 knockdown decreased HCF proliferation 

(Figure 5D–G) and migration (Figure 6A–B). Our data suggest that HOXA4 is required 

for HCF activation. Finally, to establish the functional relationship between miR-150 

and HOXA4 in HCF activation, we applied an antimiR/siRNA-based rescue strategy for 

validating the functional relevance of the novel miR-150 target, HOXA4. The antimiR-150 

treatment promotes HCF proliferation (Figure 5F–G) and migration (Figure 6A–B), which 
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are attenuated by siRNA against HOXA4 (Figure 5F–G and Figure 6A–B). Taken together, 

these data indicate that miR-150 in HCFs confers protective effects in part through direct 

functional repression of pro-fibrotic HOXA4.

Loss of Hoxa4 in mice attenuates cardiac dysfunction after MI

To evaluate in vivo roles of Hoxa4 in cardiac stress, we obtained a novel Hoxa4 mutant 

mouse line. We first confirm that Hoxa4 KO mouse hearts have undetectable HOXA4 levels 

(Figure 7A). We next show that Hoxa4 KO mice have normal cardiac function at baseline 

(Supplemental Table VII and Figure 7B–F). However, Hoxa4 deficiency subjected to MI 

results in a significant improvement of cardiac function at 1 week, which is indicated by an 

increase in EF, FS, cardiac output [CO] and stroke volume (SV), as well as a decrease in 

ESV and systolic LVID (Supplemental Table VIII and Figure 7B–F). Hoxa4 KO mice also 

display enhanced cardiac function at 2 weeks post-MI, as evidenced by a significant increase 

in EF, FS and SV, as well as a significant decrease in ESV and systolic LVID (Supplemental 

Table IX and Figure 7B–F) as compared to WT controls. Taken together, these results 

demonstrate for the first time that deficiency of Hoxa4 in mice improves cardiac function 

post-MI.

Discussion

Here, we identify the functional interaction among MIAT, miR-150 and Hoxa4 as a 

novel regulatory mechanism pertinent to MI. Mice overexpressing MIAT are sensitized 

to MI, as indicated by increased cardiac fibrosis, apoptosis and impairment of ventricular 

function, while mice deficient for MIAT are protected. Using a novel DTG mouse model, 

we demonstrate that miR-150 overexpression attenuates excessive maladaptive post-MI 

remodeling mediated by MIAT. Mechanistically, we discover that miR-150 directly inhibits 

pro-fibrotic Hoxa4 and MIAT blocks the inhibitory effect of miR-150 on Hoxa4 via its 

ceRNA action. Thus, the decreased expression of Hoxa4 in MIAT KO mice causes a lower 

degree of maladaptive post-MI remodeling, while the increased expression of HOXA4 in 

HCFs lacking miR-150 causes a higher degree of sustained CF activation.

The β1AR is predominantly expressed in cardiac tissues, and β-arrestin-mediated β1AR 

signaling confers cardioprotective effects57. We previously reported that Carv-mediated 

β1AR/β-arrestin1 signaling upregulates miR-15011. Together with the results presented in 

the current study, we postulate that miR-150 may be an important downstream mechanism 

by which β1AR-mediated β-arrestin signaling pathways confer cardiac protection, and that 

β-arrestin1-mediated β1AR regulatory mechanisms of miR-150 activation elicit beneficial 

remodeling in failing hearts by repressing CF activation through inhibition of pro-fibrotic 

genes such as Hoxa4. Interestingly, we reported that systemic miR-150 deletion leads 

to maladaptive post-MI remodeling by increasing cardiac apoptosis without affecting 

post-MI neovascularization12, whereas another group showed that systemic overexpression 

of miR-150 mediated by AgomiR injection protects the mouse heart against AMI by 

suppressing monocyte migration17. Moreover, cardiac-specific overexpression of miR-150 

attenuated TAC-induced cardiac hypertrophy and dysfunction18, while systemic miR-150 

loss caused a higher degree of cardiac fibrosis after TAC and miR-150 was downregulated 
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in CFs isolated from TAC mice54. MiR-150 was regulated by MIAT by directly interacting 

with miR-150 and functioning as its ceRNA in vitro28, 29. Gain-of-function SNPs in MIAT 

were associated with increased susceptibility to MI in humans30, 31. Moreover, MIAT 

expression was increased in mouse hearts after MI, and lentivirus-mediated knockdown of 

MIAT improved cardiac function and structure in post-MI hearts36 and diabetic hearts34, as 

well as reduced I/R-induced myocardial infarct size and apoptosis35. In cultured CFs, MIAT 

was also upregulated after AngII treatment, and MIAT knockdown abrogated fibrogenesis 

by inhibiting collagen production and CF proliferation36. Although these previous studies 

showed the importance of miR-150 and MIAT in HF, our overall knowledge of their actions 

remains in its infancy in part due to (i) a lack of mechanistic insight by which these two 

ncRNAs regulate cardiac protection; and (ii) the absence of definitive and rigorous studies 

using appropriate mouse models to establish their in vivo functional relationship in HF. 

Here, we make novel discoveries to establish the functional MIAT/miR-150 axis in cardiac 

pathology and to identify its novel direct and functional target, Hoxa4 in CFs.

By using transcriptomic profiling approaches, we identify that MIAT regulates the 

expression of a relatively small number of cardiac genes post-MI. These genes are 

enriched in previously known and unknown pathways for MIAT, including DCM, HCM, 

renin-angiotensin system and ECM-receptor interaction (Supplemental Figure VII–IX 

and Supplemental Table VI). Although additional studies will be needed to validate 

the relationship between MIAT’s maladaptive actions in hearts and the individual genes/

pathways identified in our study, our current filtering and validation analyses show that 

Hoxa4 is downregulated in the LV tissues of sham MIAT KO when compared with sham 

WT controls, and in the LVs of MI MIAT KO when compared with MI WT controls. In 

contrast, Hoxa4 is upregulated in the LV tissues of MI WT when compared with sham WT 

controls (Figure 3A–E). Our further QRT-PCR analyses demonstrate that cardiac HOXA4 
is upregulated in patients with HFrEF (Figure 4D), and cardiac Hoxa4 is downregulated in 

miR-150 TG mice (Figure 4A). This leads us to discover Hoxa4 as a novel target of the 

MIAT/miR-150 axis.

HOXA4 is a highly conserved transcription factor. Hoxa4 was shown to be involved in 

the patterning of embryonic mouse lungs39 and early chick hearts40. Previous studies also 

indicated the overexpression of this fatal gene in colorectal and ovarian cancers41, 42. Our 

novel data likewise show that Hoxa4 expression and HOXA4 protein levels are increased 

in post-MI hearts (Figure 3E, Supplemental Figure XC and Supplemental Figure XI), 

concurrent with upregulation of MIAT (Figure 1A) and downregulation of miR-15012. 

Interestingly, our cardiac cell fractionation data also show that Hoxa4 is selectively 

upregulated in CFs isolated from mouse hearts post-MI (Figure 5C), suggesting an important 

role of Hoxa4 in CFs. In agreement with this notion, we show for the first time that 

HOXA4 knockdown suppresses HCF proliferation and migration (Figure 5D–G and Figure 

6). In the current study, we also show for the first time that LV HOXA4 is upregulated in 

patients with HF (Figure 4D), which is consistent with reports in patients with renal clear 

cell carcinoma58, high-grade serous ovarian carcinoma59, and acute myeloid leukemia60. 

Interestingly, HOXA4 expression was inversely linked with survival of cancer patients59, 61. 

Here, we also show that Hoxa4 is downregulated in hearts and HCFs by a cardioprotective 

β-blocker, Carv (Supplemental Figure XIIA–C), concurrent with upregulation of miR-150 
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in hearts11 and HCFs (Supplemental Figure XIID). Notably, we demonstrate for the first 

time that Hoxa4 loss in mice protects hearts against MI (Figure 7). Thus, the finding of 

selective upregulation of Hoxa4 in CFs during MI supports that Hoxa4 inhibition could 

be therapeutically beneficial for cardiac fibrosis. Notably, retinoic acid-induced expression 

of Hoxa4 was shown to be regulated by a myelopoiesis-associated regulatory lncRNA, 

HOTAIRM1 in vitro43. Except for this report, little is known about the regulation of Hoxa4 
by ncRNAs. Given our data that pro-fibrotic Hoxa4 is a novel direct and functional target for 

the MIAT/miR-150 dyad in hearts and CFs (Figure 3–7), MI patients with increased levels 

of MIAT or decreased levels of miR-150 could be considered for future targeted treatment 

options based on Hoxa4.

Limitations

Although we demonstrate that systemic overexpression of miR-150 in mice attenuates 

maladaptive post-MI remodeling caused by MIAT overexpression and that miR-150 is 

an important negative regulator of HCF activation in vitro by directly and functionally 

repressing pro-fibrotic HOXA4, it is possible that MIAT or miR-150 expression in other 

myocardial cells also plays a prominent role. Future studies using conditional cell-specific 

mouse models are thus warranted to fully understand the possible contribution of miR-150 

expression in other cell types to miR-150’s protective actions on maladaptive cardiac 

remodeling observed in MIAT TG mice. Moreover, RNA-FISH and protein-RNA double 

labeling studies would be needed to determine the subcellular localization of the MIAT/

miR-150 axis and their colocalization in the various cells of myocardium post-MI. To 

fully define the detailed underlying mechanisms of extra-CF actions mediated by MIAT 

or miR-150 and to get a much more complete understanding of the sequence of events, 

additional histopathological and immunohistochemical assessments (e.g., inflammation and 

apoptosis), as well as gene expression studies at earlier time points post-MI are also needed. 

Moreover, MIAT/miR-150 DTG mice overexpress the transgenes in all cell types, which 

may introduce confounders. In future studies, we could use loss-of-function approaches 

(MIAT/miR-150 DKO mice) to confirm their in vivo functional relationship in the heart. 

Notably, the MIAT/miR-150 axis may also have other targets mediating distinct functions. 

MIAT indeed downregulates miR-22–3p, miR-24, and miR-93 in the heart34, 36, 62, which 

could be explored as miR-150-independent mechanisms in our future studies with MIAT 

TG mice and myocardial cells. We will also investigate additional novel functional targets 

(i.e., Hoxa4-independent mechanisms) by cross-referencing the gene signature from MIAT 

KO mice (Figure 3 and Supplemental Table VI) with prediction analyses of miR-150 

binding sites in our future mechanistic studies. Importantly, downstream targets of Hoxa4 
to regulate CF activation remain elusive. Whether Hoxa4 is functionally regulated by the 

MIAT/miR-150 axis in other myocardial cell types and hearts also remains to be determined 

and beyond the scope of the current study. Lastly, additional in vivo injury models (e.g., 

I/R), as well as detailed studies on other roles of the two ncRNAs in CFs and non-CF cell 

types are required before pursuing this ncRNA axis as a therapeutic modality.
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Conclusions

Our results using novel loss- and gain-of-function mouse models suggest that MIAT 

exacerbates maladaptive post-MI remodeling, miR-150 attenuates excessive maladaptive 

post-MI remodeling mediated by MIAT, and miR-150 plays a vital protective role in 

part by blunting CF activation through its direct functional repression of pro-fibrotic 

Hoxa4. Although MIAT and miR-150 are associated with HF in humans19, 30, 31 and 

their correlative relationship in CMs in vitro is shown37, 38, our studies using novel 

mouse models and unbiased transcriptome analyses directly establish in vivo functional 

relationship between these two ncRNAs in MI and define the underlying mechanism by 

which miR-150 affects CF activation. Given that upregulation of MIAT32 or downregulation 

of miR-15014, 55, 56, 63 also underlies other forms of cardiac disease, the deleterious action 

of MIAT and the protective action of miR-150 in hearts are likely applicable to diverse stress 

settings. Therefore, lessening MIAT levels via MIAT knockdown, and boosting miR-150 

levels via miR-150 overexpression, in part to attenuate CF activation, could be an attractive 

adjunctive strategy to provide therapeutic benefits.
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Non-Standard Abbreviations and Acronyms

βARs β-adrenergic receptors

β-blockers β-adrenergic receptor antagonists

AMI acute myocardial infarction

ARVC arrhythmogenic right ventricular cardiomyopathy

BW body weight

Carv carvedilol

CE cardiac endothelial cell

ceRNAs competing endogenous RNAs

CF cardiac fibroblast

CI cardiac inflammatory cell

CM cardiomyocyte

CO cardiac output
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CVDs cardiovascular diseases

DCM dilated cardiomyopathy

DTG double transgenic

ECM extracellular matrix

EDV end-diastolic volume

EF ejection fraction

ESV end-systolic volume

FS fractional shortening

HCM hypertrophic cardiomyopathy

HF heart failure

HFrEF heart failure with reduced ejection fraction

HOXA4 homeobox a4

HR heart rate

HW heart weight

I/R ischemia/reperfusion

KO knockout

LAD left anterior descending

LUC luciferase

LV left ventricle

LVAW left ventricular anterior wall thickness

LVID left ventricular interior diameter

LVPW left ventricular posterior wall thickness

LVW left ventricular weight

MI myocardial infarction

MiRNAs or MiRs microRNAs

sI/R simulated ischemia/reperfusion

SV stroke volume

TAC transverse aortic constriction

TG transgenic
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WT wild type
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WHAT IS NEW?

• Genetic deletion of MIAT in mice protects hearts against MI, while genetic 

overexpression of MIAT exacerbates maladaptive post-MI remodeling.

• MiR-150 overexpression ameliorates maladaptive post-MI remodeling 

mediated by MIAT.

• We identify HOXA4 as a novel target of the MIAT/miR-150 axis.

• HOXA4 expression is upregulated in left ventricles from HF patients but is 

downregulated in human CFs (HCFs) and mouse hearts by carvedilol, which 

is inversely associated with miR-150 expression.

• Hoxa4 loss in mice protects hearts against MI.

• We identify a mechanism for the protective action of miR-150 to be mediated 

by the direct and functional repression of pro-fibrotic HOXA4 in HCFs.

WHAT ARE THE CLINICAL IMPLICATIONS?

• The β-arrestin-biased β-blocker, carvedilol has been shown to increase the 

expression of miR-150 and to decrease the expression of MIAT or Hoxa4 in 

the heart, respectively.

• Given our findings, we may anticipate that the β-arrestin-biased β-blockers 

and future treatments targeting the novel MIAT/miR-150/HOXA4 axis may 

have higher benefits in patients with HF and acute MI that are associated with 

enhanced MIAT or repressed miR-150, which can be identified by circulating 

levels of increased MIAT or reduced miR-150.
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Figure 1. Myocardial Infarction-Associated Transcript (MIAT) deletion attenuates, while MIAT 
overexpression exacerbates cardiac dysfunction after myocardial infarction (MI) in part by 
repressing miR-150.
A, The expression of MIAT in left ventricles (LVs) from wild type (WT) adult mice 

at 4 weeks post-surgery (N=6). Data are shown as fold induction of MIAT expression 

normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh). Unpaired 2-tailed t-test. 

B, Real-Time Quantitative Reverse Transcription (QRT)-PCR expression analysis of MIAT 

in cardiomyocytes (CMs), cardiac fibroblasts (CFs), cardiac inflammatory cells (CIs) and 

cardiac endothelial cells (CEs) isolated from adult mouse hearts at 7 days post-MI. N=3–5 

per group. MIAT expression compared to Gapdh was calculated using 2−ΔΔCt, and data 

are shown as fold induction of MIAT expression levels normalized to CM sham. Two-

way ANOVA with Tukey multiple comparison test. C-D, Transthoracic echocardiography 

was performed to 8 experimental groups [sham and MI of WT, MIAT knockout (KO), 

MIAT transgenic (TG) and MIAT/miR-150 double TG (DTG)] at week 0 and 4 post-MI. 

Quantification of LV ejection fraction (C) and fractional shortening (D) is shown. N=12–17 

per group. Two-way repeated-measures ANOVA with Bonferroni post hoc test.
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Figure 2. Myocardial Infarction-Associated Transcript (MIAT) deletion decreases, while MIAT 
overexpression increases cardiac stress and fibrosis post-myocardial infarction (MI) in part by 
repressing miR-150.
A, Representative hematoxylin and eosin (H&E) images in heart sections of peri-ischemic 

border area from 8 experimental groups at 4 weeks post-MI. Scale bars: 100μm. B-C, 

Representative Masson’s trichrome images in heart sections of peri-ischemic border area 

in 8 experimental groups at 4 weeks post-MI [B] and fibrosis quantification in whole left 

ventricles (LVs) [C]. Scale bars: 100μm. N=6 per group. Two-way ANOVA with Tukey 

multiple comparison test.
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Figure 3. Transcriptome profiling in Myocardial Infarction-Associated Transcript (MIAT) 
knockout (KO) mice identifies novel target genes of cardiac MIAT.
A-B, Filtering strategy of array dataset based on the correlation between genotypes and 

transcript signatures (I) or between cardiac phenotypes and transcript signatures (II and III). 

Eighteen genes, which are downregulated in both I (sham MIAT KO compared to sham 

wild type [WT] controls) and III (myocardial infarction [MI] MIAT KO compared to MI 

WT) but are upregulated in II (MI WT compared to Sham WT) at 4 weeks post-MI, were 

chosen for further analyses. Three genes, which are upregulated in both I (sham MIAT 

KO compared to sham WT controls) and III (MI MIAT KO compared to MI WT) but are 

downregulated in II (MI WT compared to Sham WT) at 4 weeks post-MI, were also chosen 

for further analyses. C-D, Validation strategy of array dataset. Twenty-one dysregulated 

(DE) genes were validated by Real-Time Quantitative Reverse Transcription (QRT)-PCR 

analyses. Note that other sixteen genes are not validated to be dysregulated as shown 

B. E-I, The expression of five potentially detrimental genes [homeobox a4 (Hoxa4: E), 

flavin-containing dimethylaniline monoxygenase 2 (Fmo2: F), leucine-rich repeat neuronal 

4 (Lrrn4: G), MARVEL domain containing 3 (Marveld3: H) and FAT atypical cadherin 4 

(Fat4: I)] in left ventricles (LVs) from WT and MIAT KO mice at 4 weeks post-MI. Data 

are shown as fold induction of gene expression normalized to glyceraldehyde-3-phosphate 
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dehydrogenase (Gapdh). N=6 per group. Two-way ANOVA with Tukey multiple comparison 

test.
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Figure 4. Homeobox a4 (Hoxa4) is a novel target of miR-150 in the heart and HOXA4 is 
upregulated in patients with heart failure.
A-C, Real-Time Quantitative Reverse Transcription (QRT)-PCR expression analysis of 

Hoxa4 (A), flavin-containing dimethylaniline monoxygenase 2 (Fmo2: B) and FAT atypical 

cadherin 4 (Fat4: C) in left ventricles (LVs) from miR-150 transgenic (TG) and wild 

type (WT) mice. Data are shown as fold induction of gene expression normalized to 

glyceraldehyde-3-phosphate dehydrogenase (Gapdh). N=7–8. Unpaired 2-tailed t-test. Note 

that leucine-rich repeat neuronal 4 (Lrrn4) and MARVEL domain containing 3 (Marveld3) 

shown in Figure 3G–H are not dysregulated in miR-150 TG mouse LVs. D–F, QRT-PCR 

expression analysis of HOXA4 (D), FMO2 (E) and LRNN4 (F) in LVs from patients with 

heart failure with reduced ejection fraction (HFrEF) relative to non-failing heart tissues 

(N=8–10). Data are shown as fold induction of gene expression normalized to GAPDH. 

Unpaired 2-tailed t-test. Note that FAT4 shown in Figure 3I is not dysregulated in HFrEF 

patients and MARVELD3 in Figure 3H is undetectable in human LVs.
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Figure 5. Homeobox a4 (Hoxa4) is a novel direct target of miR-150, and HOXA4 is necessary for 
miR-150-dependent regulation of human cardiac fibroblast (HCF) proliferation.
A, Mouse Hoxa4 has a miR-150 binding site in the 3’-untranslated region (3’UTR). 

MiR-150 seed pairing in the target region is shown as vertical lines. B, MiR-150’s ability 

to directly repress the activity of luciferase (LUC) reporter constructs that contain either 

wild type (WT) or mutated (MUT) binding site for Hoxa4. Transfection with or without 

miR-150 mimic in H9c2 cells is indicated. Firefly LUC activity was normalized to Renilla 

LUC activity and compared with empty vector measurements. N=6. Unpaired 2-tailed 

t-test. C, Real-Time Quantitative Reverse Transcription (QRT)-PCR expression analysis 

of Hoxa4 in cardiac fibroblasts (CFs), cardiac inflammatory cells (CIs), cardiomyocytes 

(CMs), and cardiac endothelial cells (CEs) isolated from adult mouse hearts at 7 days 

post-myocardial infarction (MI). N=5–7. Hoxa4 expression compared to glyceraldehyde-3-

phosphate dehydrogenase (Gapdh) was calculated using 2−ΔΔCt, and data are shown as 

fold induction of Hoxa4 expression levels normalized to CF sham. Two-way ANOVA 

with Tukey multiple comparison test. D–E, HCFs were transfected with control scramble 

siRNA (si-control) or HOXA4 siRNA (si-HOXA4) (D) and with antimiR control or 

antimiR-150 (E). QRT-PCR analyses for HOXA4 (D) or miR-150 (E) were performed 

to check the knockdown efficiency. Data were normalized to GAPDH (D) or U6 SNRNA 
(E) and expressed relative to controls. N=7 per group. Unpaired 2-tailed t-test. F-G, RNA 
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interference with HOXA4 protects HCFs from the increased proliferation mediated by 

antimiR-150. HCFs were transfected as indicated, and bromodeoxyuridine (BrdU) assays 

were then performed. The percentage of proliferating nuclei (green) was calculated by 

normalizing total nuclei (blue). N=7 per group. One-way ANOVA with Tukey multiple 

comparison test.
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Figure 6. Homeobox a4 (Hoxa4) is necessary for miR-150-dependent regulation of human 
cardiac fibroblast (HCF) migration.
A-B, HCFs were transfected as indicated in Figure 5F–G, and scratch migration assays 

were then performed. RNA interference with HOXA4 protects HCFs from the increased 

migration mediated by antimiR-150. N=6 per group. Two-way repeated-measures ANOVA 

with Bonferroni post hoc test.
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Figure 7. Homeobox a4 (Hoxa4) deficiency protects the mouse heart against myocardial 
infarction (MI).
A, HOXA4 protein levels were measured in left ventricle (LV) lysates from Hoxa4 knockout 

(KO) mice compared to wild type (WT) controls. Data are shown as mean ± SEM from N=3 

per group. Unpaired 2-tailed t-test. B-F, Transthoracic echocardiography was performed 

at 0, 1 week and 2 weeks post-MI. Quantification of ejection fraction (EF: B), fractional 

shortening (FS: C), stroke volume (SV: D), end systolic volume (ESV: E) and internal 

diameter, systole (LVIDs: F) is shown. Data are shown as mean ± SD from N=4 per group. 

Two-way repeated-measures ANOVA with Bonferroni post hoc test.
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