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miRNAs are an important class of regulators that play roles in cellular homeostasis and disease. Muscle-specific 
miRNAs, miR-1-1 and miR-1-2, have been found to play important roles in regulating cell proliferation and cardiac 
function. Redundancy between miR-1-1 and miR-1-2 has previously impeded a full understanding of their roles in 
vivo. To determine how miR-1s regulate cardiac function in vivo, we generated mice lacking miR-1-1 and miR-1-2 
without affecting nearby genes. miR-1 double knockout (miR-1 dKO) mice were viable and not significantly different 
from wild-type controls at postnatal day 2.5. Thereafter, all miR-1 dKO mice developed dilated cardiomyopathy (DCM) 
and died before P17. Massively parallel sequencing showed that a large portion of upregulated genes after deletion of 
miR-1s is associated with the cardiac fetal gene program including cell proliferation, glycolysis, glycogenesis, and fetal 
sarcomere-associated genes. Consistent with gene profiling, glycogen content and glycolytic rates were significantly 
increased in miR-1 dKO mice. Estrogen-related Receptor β (Errβ) was identified as a direct target of miR-1, which can 
regulate glycolysis, glycogenesis, and the expression of sarcomeric proteins. Cardiac-specific overexpression of Errβ 
led to glycogen storage, cardiac dilation, and sudden cardiac death around 3-4 weeks of age. We conclude that miR-1 
and its primary target Errβ act together to regulate the transition from prenatal to neonatal stages by repressing the 
cardiac fetal gene program. Loss of this regulation leads to a neonatal DCM.
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Introduction

The heart adapts and generates a cardiac output to 
match the body’s circulatory demands during fetal and 
postnatal life by employing different circulations, energy 
use, and myocardial sarcomeric proteins. For a success-
ful transition from the fetal to postnatal stages, the heart 

represses the fetal gene program and activates an adult 
genetic program, by which it increases cardiac contractil-
ity and alters energy metabolism [1, 2].

The fetal heart expresses a distinct set of sarcomere-
associated genes, which share molecular signature with 
skeletal muscle and smooth muscle. For example, Acta1 
(actin, alpha 1, skeletal muscle) predominates in the fetal 
and neonatal human heart, whereas Actc1 (actin, alpha, 
cardiac muscle 1) is the predominant form in adult heart 
[3]. Fetal heart but not adult heart also expresses Acta2 
(smooth muscle α-actin), Tagln (or Sm22), Cnn1 (cal-
ponin-1), Cnn2 (calponin-2), Crp2 (cysteine- and gly-
cine-rich protein 2), and Myl6, which are specifically ex-
pressed in smooth muscle later on [4-9]. The fetal heart 
also expresses cardiac-specific sarcomeric proteins such 
as βMhc, while αMhc is the adult isoform. Upon full 
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cardiac maturation, these genes are no longer expressed 
in the adult heart. Under pathophyiologic conditions, the 
heart reactivates the fetal gene program including many 
of the fetal sarcomere-associated genes, such as Acta1, 
Acta2, and βMhc [10].

Cardiac contractile performance is tightly coupled to 
energy metabolism. During fetal life when mitochondrial 
oxidation is less developed, the developing heart relies 
predominantly on glycolysis to generate the bulk of its 
ATP. Glucose is stored as glycogen, which comprises 
~35% of the weight of fetal cardiomyocytes and serves 
as substrate reservoir. After birth, the heart switches from 
glycolysis to the β-oxidation of fatty acids as the major 
ATP source, and glycogen content decreases to 4% in 
adult cardiomyocytes [11]. Proper regulation of energy 
metabolism is critical for cardiac structural and function-
al support. Despite glycogen being essential for cardiac 
development [12] and glycogen storage being a common 
feature of certain types of cardiomyopathy [13, 14], the 
genetic regulation of glycolysis and glycogenesis in the 
fetal heart remains completely unknown.

A well-coordinated switch in sarcomeric proteins and 
energy metabolism during the transition from prenatal 
to neonatal stages is critical for proper cardiac func-
tion. Emerging evidence suggests that nuclear receptors 
may regulate this transition. First, in the mammalian 
heart, the nuclear receptors PPAR family and Estrogen-
related receptor γ (ERRγ) activate genes involved in 
mitochondrial β-oxidation and oxidative metabolism in 
adult heart [15, 16]. Second, dERR, the only ERR or-
tholog in Drosophila, directs glucose metabolism during 
larval development. dERR mutants die due to defects in 
glycolysis and other aspects of carbohydrate metabolism 
[17]. Third, nuclear receptors have been shown to regu-
late the muscle fiber program in skeletal muscle, raising 
the possibility that these nuclear receptors may regulate 
sarcomeric genes in the heart as well [18].

We focus on miRNAs, a class of genetic regulators 
that play key roles in cellular homeostasis and disease 
[19-22]. Among all miRNAs identified, miR-1 is one 
of the most evolutionarily conserved. In all vertebrates, 
there are two miR-1s, miR-1-1 and miR-1-2, which are 
clustered with miR-133a2 and miR-133a1, respectively, 
on separate chromosomes. miR-1 has been shown to play 
important roles in regulating cardiac rhythm and skeletal 
muscle proliferation [23-29]. Deletion of miR-133a-1 
and miR-133a-2 results in failure to suppress numerous 
fetal sarcomere-associated genes in the neonatal heart, 
which are generally not expressed in the adult heart but 
become specifically expressed in the smooth muscle. 
While these data demonstrate that miR-133a-1 and miR-
133a-2 repress one aspect of the cardiac fetal gene pro-

gram, how miR-1s exactly regulate cardiac function in 
vivo is not clear. Mouse models that specifically delete 
miR-1s without affecting nearby genes are essential to 
address the role of miR-1s in vivo. In this study, we gen-
erated mice specifically lacking both miR-1-1 and miR-
1-2. This revealed a surprisingly multifaceted role of 
miR-1s in postnatal repression of the fetal cardiac gene 
program.

Results

Targeted deletion of miR-1-1 and miR-1-2 in mice
miR-1-1/miR-133a-2 and miR-1-2/miR-133a-1 clus-

ters are located on chromosome 2 and in an intron of the 
Mind Bomb 1 (Mib1) gene on chromosome 18, respec-
tively (Figure 1A). Mature forms of miR-1-1 and miR-
1-2 are identical. Using primers specifically detecting 
precursors of miR-1-1 and miR-1-2, we found that the 
expression of miR-1-1 and miR-1-2 increases as the heart 
develops, reaching peak levels perinatally (Figure 1B). 
The dynamic expression implies critical roles of miR-1-1 
and miR-1-2 in neonates.

 To uncover the functions of both miR-1-1 and miR-1-
2, we generated conditional alleles at both loci. The miR-
1-1 floxed allele (miR-1-1f/f) was created by inserting two 
loxP sites flanking a 0.4 kb genomic region encompass-
ing the miR-1-1 precursor (Figure 1C). A similar strategy 
was used to generate miR-1-2 floxed allele (miR-1-2f/f) 
in which two loxP sites flank a 0.26 kb genomic region 
(Figure 1C). Targeted ES cells were identified by South-
ern blot (Figure 1D). The neomycin cassette flanked by 
Frt sites was excised by breeding miR-1-1f/f and miR-1-
2f/f mice with FLPe mice. miR-1-1f/f or miR-1-2f/f mice 
were phenotypically normal, suggesting that insertion of 
loxP sites did not affect transcription or processing of the 
primary miR-1 transcripts. Germline deletion of miR-1 
was achieved by breeding miR-1 floxed alleles with Prm-
Cre mice (Supplementary information, Figure S1A).

Complete deletion of miR-1s by Cre-mediated re-
combination with Prm-Cre was confirmed by RT-PCR 
(Supplementary information, Figure S1B). Importantly, 
neither expression of miR-133s nor the splicing pattern 
of the Mib transcript was affected in miR-1-1/miR-1-2 
double knockout mice (miR-1-1−/−;miR-1-2−/−; henceforth 
referred to as miR-1 dKO) as assessed by quantitative 
PCR (qPCR) (Supplementary information, Figure S1C 
and S1D). Thus, the phenotypes observed in miR-1 dKO 
mice were attributed to the specific loss of miR-1s.

Deletion of miR-1s causes dilated cardiomyopathy and 
postnatal lethality

In contrast to previous reports of partially penetrant 
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embryonic lethality in miR-1-2 mutants, we found that 
deletion of either miR-1-1 or miR-1-2 did not cause em-
bryonic lethality (Supplementary information, Tables 
S1 and S2). miR-1-1 and miR-1-2 single knockout mice 
were viable. The discrepancy is likely due to effects of 
residual LacZ and neo cassettes present in the mutant 
miR-1-2 locus in the previous study [23]. Histologic ex-
amination did not reveal congenital heart defects such 
as atrial septal defect or ventricular septal defect in miR-
1-1 null, miR-1-2 null, or miR-1 dKO mice. Detailed 
phenotypic characterization of miR-1-1 or miR-1-2 single 
knockout mice is provided in Supplementary informa-
tion, Figure S2 and Tables S1-S2.

miR-1 dKO pups were viable at birth, and their body 
sizes were not significantly different from that of wild-

type (WT) control at postnatal day 2.5 (P2.5) (Supple-
mentary information, Figure S3A and Table S3). During 
the first postnatal week, miR-1 dKO mice became vis-
ibly weak and all died prior to P17 (Figure 2A). Histo-
logic examination revealed no significant difference in 
heart size between WT and miR-1 dKOs at P2.5 (Figure 
2B). By P12, the size of miR-1 dKO mice was notice-
ably smaller than that of WT controls (Supplementary 
information, Figure S3B). Heart-to-body weight (HW/
BW) ratio was increased in miR-1 dKOs compared with 
WT controls (Figure 2D). Thereafter, both ventricular 
chambers of miR-1 dKO mice began to dilate, suggest-
ing that severely impaired cardiac function was the cause 
of death (Figure 2C, top and middle panels). Collagen 
content was slightly increased in the miR-1 dKO hearts 

Figure 1 Targeted deletion of miR-1-1 and miR-1-2 in vivo. (A) miR-1-1/miR-133a-2 and miR-1-2/miR-133a-1 clusters are on 
separate chromosomes. (B) Dynamic expression of miR-1-1 and miR-1-2 in the heart during developmental stages to adult. 
The expression level of 18S RNA was used for normalization (Ct18). Relative transcript levels of miR-1 were determined after 
arbitrarily designating Ct38 as 1. E, embryonic; W, week; M, month. (C) Targeting strategies to generate miR-1-1 and miR-1-
2 knockout mice. (D) Targeted ES cells were identified by Southern blot using 5′ and 3′ probes.
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as assessed by picrosirius red staining viewed with polar-
ized light (Figure 2C, bottom panel).

Previous studies showed that miR-1 represses car-
diomyocyte proliferation [23, 24]. Consistent with this 
observation, we found numerous proliferating cardio-
myocytes in the miR-1 dKO mice at P2.5 and at P7.5 as 
assessed by anti-phospho-Histone H3 (Ser10) (PH3), a 
marker for mitotic nuclei in prophase (Figure 3A, 3B 
and Supplementary information, Figure S4) [30]. As a 
result, the number of cardiomyocytes was significantly 

Figure 2 Deletion of miR-1-1 and miR-1-2 causes DCM. (A) Survival curves of WT, miR-1-1+/−/miR-1-2+/− (miR-1 dHET), and 
miR-1 dKO mice. miR-1 dKO mice died between P12 and P17. (B) The gross morphology and H&E sections of hearts from 
WT, dHET, and miR-1 dKO at P2.5. Scale bar, 1 mm. (C) The gross morphology and H&E sections of hearts from WT and 
miR-1 dKO at P12 (top and middle panels). Scale bar, 1 mm. Collagen fibers (bright yellow or orange) were shown by picro-
sirius red staining (bottom panel). Scale bar, 50 µm. WT, wild type; dKO, double knockout. (D) Heart-to-body weight ratio was 
calculated in miR-1 dKO, and was compared with WT at various stages.

increased in miR-1 dKO mice compared with WT con-
trols (Figure 3C), although the size of cardiomyocytes 
was slightly smaller in miR-1 dKO mice at P2.5 com-
pared with WT controls (Figure 3D and Supplementary 
information, Figure S5). Thus, we concluded that the 
increased cardiac mass in the miR-1 dKO mice is due to 
an increase in cardiomyocyte number, not cell size.

Cardiomyocyte apoptosis often accompanies left 
ventricular dysfunction and remodeling associated with 
dilated cardiomyopathy (DCM) [31]. To evaluate wheth-
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er this is the case in miR-1 dKO heart, we performed 
terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) assays. Prior to the onset of cardiac 
dysfunction at P2.5, no apoptotic cells were seen in the 
hearts of miR-1 dKO mice or WT controls, suggesting 
that apoptosis was not a primary cause of cardiac dila-
tion in miR-1 dKO mice. At P7.5 and P12, the number of 
apoptotic cells was increased in the hearts of miR-1 dKO 
mice (Figure 3E and 3F), suggesting that apoptosis may 
contribute to cardiac decompensation and worsening 
heart function prior to death. In contrast, Evans blue dye 
assay revealed no necrosis in hearts of miR-1 dKO at P12 
(Supplementary information, Figure S6).

Next, we considered the possible existence of ultra-
structural lesions in the miR-1 dKO heart. Using trans-
mission electron microscopy (TEM), we observed that 
the sarcomeres, the distribution and structures of mito-
chondria, and the intercellular junctions in the cardio-
myocytes of the miR-1 dKO mice were normal at E15.5 
and P2.5 (Supplementary information, Figure S7). After 
the onset of DCM at P12, the edges of Z, I, and A bands 

were not as sharp in the miR-1 dKO hearts as in WT 
controls (Figure 3G, top panels). Of note, glycogen β 
particles, which were sparsely distributed throughout the 
sarcoplasm of control cardiomyocytes, were strikingly 
increased, particularly between the sarcomeres, in miR-1 
dKO hearts (Figure 3G, bottom panels).

To examine whether cardiac dilation observed in the 
miR-1 dKO mice was associated with systolic dysfunc-
tion, we performed two-dimensional M-mode echocar-
diography at P12. Ejection fraction (EF) and fractional 
shortening (FS), two indices of left ventricular systolic 
function, were decreased by more than two-thirds (Figure 
4A and 4B). Consistent with our histological findings, 
left ventricular internal dimensions and volumes were 
significantly increased in the miR-1 dKO mice (Figure 
4A and 4B). Thus, we concluded that the miR-1 dKO 
mice suffer DCM.

miR-1s repress a fetal gene program
To explore the primary cause of DCM in miR-1 dKO 

mice, we set out to identify differentially expressed 

Figure 3 Cellular events after deletion of miR-1-1 and miR-1-2. (A) Sections of P2.5 hearts showing proliferating cardiomyo-
cytes as assessed by PH3 staining (green, top panels). High magnification picture (bottom panels) confirming colocalization 
of PH3 and DAPI signals (blue) in the nucleus of a cardiomyocyte (anti-α-actinin, red). (B) Quantification of PH3-positive 
cardiomyocytes. (C) The number of cardiomyocytes in WT and miR-1 dKO mice. (D) Paraffin sections of the left ventricles at 
P2.5 stained with wheat germ agglutinin showing cardiomyocyte cross-sectional area. Blue, DAPI staining. (E) Cardiomyo-
cyte apoptosis in the heart at P12 was assessed by TUNEL assay (green). Blue, DAPI staining, Red, anti-α-actinin staining. (F) 
Quantification of apoptotic cardiomyocytes of miR-1 dKO mice at various stages. (G) TEM of hearts from WT and miR-1 dKO 
mice at P12. Glycogen β particles (white arrow) are detected along sarcomeres in cardiomyocytes. Scale bar, 1 µm.
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genes using massively parallel sequencing (mRNA-seq). 
To avoid secondary effects of cardiac dysfunction on 
gene expression, we examined the transcriptome at P2.5, 
when miR-1 dKO hearts were morphologically normal. 
In this manner, hundreds of dysregulated transcripts 
including previously validated targets of miR-1 such as 
Hand2, Irx5, and Cx43 were identified (Supplementary 
information, Table S4) [23-25]. Seed matches are signifi-
cantly enriched in the 3′ UTR of the upregulated genes, 
consistent with the critical role of miRNA seed region 
in recognizing/binding 3′ UTRs of mRNAs (Figure 5A) 
[23].

Computational analysis revealed that a large portion 
of the upregulated genes in mutant is associated with the 
cardiac fetal gene program, i.e., genes associated with 
fetal mode of metabolism (predominance of glycolysis 
and glycogenesis) and fetal sarcomeric proteins. Rep-
resentative candidates from mRNA-seq were further 
validated by qPCR. For instance, the transcripts of Pdk3, 
a strong inhibitor of pyruvate oxidation, were increased 
in miR-1 dKO mice (Figure 5B and 5C). The transcript 
levels of many genes associated with cell proliferation 
(e.g., Hand1/2) and cell cycle were also significantly in-
creased, consistent with the cardiac hyperplasia observed 
after loss of miR-1s (Supplementary information, Table 
S4).

If miR-1s repress the fetal gene program, we would 
expect the fetal genes to increase during the embryonic 
stage following the loss of miR-1s. To test this, we per-
formed mRNA-seq using hearts from miR-1 dKOs and 
WT controls at E15.5. Many fetal transcripts (such as 
Gyg, Gbe1, Acta2, Myh7, and Myl9) were indeed in-
creased at E15.5 after deletion of miR-1s (Supplementary 
information, Table S5). Among the genes that were dys-

Figure 4 Assessment of left ventricle systolic function by echocardiography. (A) M-mode echo to compare LV contraction of 
the heart from miR-1 dKO at P12 to that of WT. (B) Quantification of LV function. EF, ejection fraction; FS, fractional shorten-
ing; LVID, left ventricular internal diameter; LV Vol, left ventricular volume; LV mass, left ventricular mass; d, end diastolic; s, 
end systolic. *P < 0.05; **P < 0.01.

regulated at both E15.5 and P2.5, most of them showed 
similar trend of alterations at these two stages, providing 
additional evidence that miR-1s repress the fetal gene 
program (Supplementary information, Figure S8).

To further determine whether miR-1 actively represses 
the fetal gene program, we overexpressed miR-1 in the 
neonatal rat cardiomyocytes via adenoviral transduction. 
Overexpression of miR-1 decreased genes that were up-
regulated in miR-1 dKO mice (Figure 5D).

Having established miR-1 as a repressor of the fetal 
gene program at the gene expression level, we then decid-
ed to determine whether intramyocardial glycogen con-
tent and the rate of glycolysis were affected in miR-1 dKO 
mice. As shown in Figure 6A, cardiac glycogen content 
in both normal and miR-1 dKO mice decreased progres-
sively from embryonic life through early postnatal life. 
However, cardiac glycogen levels were increased by ~2-
fold in the miR-1 dKO mice compared to WT controls 
at all stages examined (Figure 6A). Periodic acid-Schiff 
(PAS) staining further confirmed that a larger amount of 
carbohydrate macromolecules (presumably glycogen) 
were present in the hearts from miR-1 dKO mice com-
pared to WT controls at all three stages examined (Figure 
6B). To determine whether miR-1s repress glycolysis, we 
adapted an established method to determine glycolytic 
rate in cultured P2.5 neonatal cardiomyocytes [32]. The 
glycolytic rate was increased in mutant compared with 
WT controls (Figure 6C). Triglycerides and fatty acids 
are the main energy substrates in the mature heart. Nei-
ther neutral lipid level nor the number of mitochondria 
was changed in miR-1 dKO mice (Figure 6D and 6E), 
suggesting that loss of miR-1s specifically targets the fe-
tal gene profile.

Taken together, we concluded that miR-1s specifically 
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repress the fetal gene program including glycolysis, gly-
cogenesis, and sarcomeric proteins.

miR-1 directly represses the expression of Errβ, a 
principal regulator of glycolysis and glycogenesis

Next, we wanted to determine how miR-1 regulates the 
fetal gene program. microRNAs are believed to generally 
bind to 3′ UTR through canonical Watson-Crick base 
pairing, although there are numerous exceptions [23]. 
Some fetal genes with miR-1 canonical binding sites in 3′ 
UTRs are likely to be direct targets. Representative can-
didates with miR-1 binding sites in 3′ UTRs from each 
category were indeed validated as direct targets of miR-1 
(Supplementary information, Figure S9). However, miR-

Figure 5 miR-1 suppresses a fetal gene program. (A) miR-1 seed occurrence in 3′ UTR of all mRNAs in mice compared to 
genes whose transcripts were increased or decreased at E15.5 and P2.5. (B) List of genes with increased transcripts in-
volved in glycolysis, glycogenesis, and sarcomere in the heart from miR-1 dKO at P2.5 as identified by massively parallel 
sequencing. (C) qPCR validated relative expression levels of most of genes in B (n = 3, compared to WT). *P < 0.05. (D) 
Overexpression of miR-1 represses fetal genes in neonatal rat cardiomyocytes (n = 3). *P < 0.05.

1 is unlikely to repress most of fetal genes directly as 
most of those genes do not have canonical miR-1 binding 
sites in their 3′ UTRs.

The genetic regulation of glucose metabolism in the 
developing heart is completely unknown. To determine 
the primary transcriptional regulatory circuits controlling 
fetal sarcomere-associated genes and, particularly glu-
cose metabolism, we examined mRNA-seq data at E15.5 
for potential candidate genes that were already upregu-
lated. Serum response factor (Srf) and its co-activator 
myocardin are transcriptional activators for miR-1s and 
they regulate sarcomere-associated genes [24, 33, 34]. 
However, they were not attractive candidates as the tran-
script levels of Srf and myocardin were not increased in 
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the miR-1 dKO mice (Supplementary information, Table 
S5).

Nuclear receptors have emerged as candidate regula-
tors of muscle fiber program and energy metabolism. A 
thorough examination of our mRNA-seq data revealed 
that the transcript level of estrogen-related receptor β 
(Errβ) was consistently increased in miR-1 dKO mice 

Figure 6 Increased glycolysis and glycogenesis after loss of miR-1. (A) Glycogen levels were measured in hearts from E15.5 
to P12 from WT and miR-1 dKO mice. Results were presented as glucose released from glycogen and normalized to tissue 
weight. (B) Comparative PAS staining of carbohydrates (including glycogen) that react with Schiff reagent, resulting in intense 
pink in hearts from miR-1 dKO mice compared to WT (n = 3 at each stage). Scale bar, 20 µm. (C) Glycolytic rate was ex-
pressed as the amount of glucose in fmol converted to pyruvate per hour for each cardiomyocyte. (D) Distribution of neutral 
lipids (red dots) in heart of miR-1 dKO mice and in heart of WT at P2.5 and P12 (n = 3 at each stage). Scale bar, 10 µm. (E) 
mtDNA quantification. Ratio of ND1 (NADH dehydrogenase subunit 1, which is encoded in mitochondrial DNA) against LPL 
(lipoprotein lipase, which is encoded in nuclear genome) was used to determine possible change in number of mitochondria.

in developing and postnatal hearts compared with WT, 
but transcripts of nuclear receptors PPAR family, Rxra, 
and thyroid hormone receptor α/β showed no change, 
suggesting that Errβ could be the primary regulator as-
sociated with glycolysis, glycogenesis, and sarcomere-
associated genes.

The function of nuclear receptor ERRs is cell context 
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dependent. The endogenous ligands for Errβ remain 
unknown and thus it belongs to orphan nuclear recep-
tor family. Errβ regulates muscle fiber-type program in 
skeletal muscle but its role in heart remains unclear [18]. 
The expression of Errβ was increased at the transcript 
and protein levels in miR-1 dKO mice as assessed by 
qPCR and western blot, respectively (Figure 7A and 7B). 
Sequence analysis identified two putative binding sites 
of miR-1 in the 3′ UTR of Errβ (Figure 7C). To explore 

whether Errβ is a direct target of miR-1, we subcloned 
its 2.6-kb 3′ UTR into a luciferase reporter. The addition 
of miR-1 dramatically repressed the luciferase activity 
while mutant miR-1 did not have any effect (Figure 7D), 
demonstrating that its 3′ UTR is subject to miR-1 seed-
mediated repression in vivo. If Errβ is a direct target of 
miR-1, its transcript would be expected to decrease when 
miR-1 is overexpressed. Indeed, overexpression of miR-
1 in neonatal rat cardiomyocytes reduced Errβ at mRNA 

Figure 7 Errβ is a direct target of miR-1. (A) qPCR validated expression of Errβ in miR-1 dKO mice at three stages (n = 3). *P 
< 0.05. (B) Western blot analysis of Errβ in the whole heart lysate from WT and miR-1 dKO at P2.5 (n = 3) (top). Quantifica-
tion by densitometry (bottom). (C) The 3′ UTR of Errβ contains two putative binding sites of miR-1. (D) The luciferase activity 
of Errβ-luciferase reporter with transfection of miR-1 or mutant miR-1. (E) Expression levels of Errβ in neonatal rat cardiomyo-
cytes as assessed by qPCR after overexpression of miR-1 or GFP (n = 3). *P < 0.05. (F) Protein level of Errβ in neonatal rat 
cardiomyocytes as assessed by western blot after overexpression of miR-1 (n = 3).
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and protein levels (Figure 7E and 7F).
As Errβ was identified as a direct target of miR-1, we 

next asked whether it regulates glycolysis and glycogen-
esis. Robust PAS signal was detected upon overexpres-
sion of Errβ compared with control (Figure 8A). Gly-
colytic rate was also significantly increased upon over-
expression of Errβ (Figure 8B). Numerous fetal genes 

that were upregulated in miR-1 dKO mice were activated 
upon overexpression of Errβ in neonatal rat cardiomyo-
cytes via adenoviral transduction (Figure 8C), suggesting 
that Errβ is the primary downstream executor of miR-1. 
To further confirm whether overexpression of Errβ could 
increase glycogen level in vivo, we generated transgenic 
mice overexpressing Errβ in the heart. PAS staining con-

Figure 8 Errβ regulates the fetal gene program. (A) PAS staining of neonatal rat cardiomyocytes after overexpression of 
GFP and Errβ. (B) Glycolytic rate of neonatal rat cardiomyocytes after overexpression of GFP and Errβ. (C) Errβ was overex-
pressed in neonatal rat cardiomyocytes (n = 3). The expressions of those fetal genes were analyzed by qPCR (n = 3). *P < 0.05. 
(D) PAS staining of hearts from WT and Errβ Tg at E17.5 (top) or at postnatal stage (bottom). Scale bars, 100 µm (top) and 
20 µm (bottom). (E) The H & E sections of the hearts from WT and Errβ Tg at 4 weeks of age. Tg: transgene.
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firmed glycogen storage in Errβ transgenic mice (Figure 
8D). Overexpression of Errβ in the heart led to cardiac 
dilation and sudden cardiac death around 3-4 weeks of 
age, which shares abnormalities seen in miR-1 dKO mice 
(Figure 8E and Supplementary information, Figure S10).

Discussion

In this study, we demonstrated that miR-1s orchestrate 
a genetic pathway involving Errβ that represses the 
cardiac fetal gene program in a multifaceted way.

A miR-1-directed genetic pathway involving Errβ 
critically represses the fetal gene program

The fetal heart is physiologically different from the 
adult heart in several ways: (1) Fetal cardiomyocytes 
rapidly divide, while adult cardiomyocytes grow almost 
exclusively in size. (2) The mechanical performance of 
the fetal heart is different from that of the adult heart [35]. 
(3) The fetal heart is mostly reliant on glycolysis as its 
energy source. In contrast, the adult heart utilizes long-
chain fatty acids as the principal substrate for ATP pro-
duction [36].

Adult cardiomyocytes in mammals were thought to 
terminally exit the cell cycle. Accumulating evidence 
now indicates that terminally differentiated cardiomyo-
cytes can proliferate at a slow rate [37-39]. Therefore, 
enhancing cardiomyocyte proliferation may provide an 
alternative for cardiomyocyte regeneration and heart 
repair. We have seen numerous proliferating cardiomyo-
cytes in neonates after loss of miR-1. Given the keen 
interest in cardiac regeneration [40-42], it will be inter-
esting to exploit our findings to enhance adult cardio-
myocyte proliferation.

We identified nuclear receptor gene Errβ as a direct 
target of miR-1, and they act together to regulate the ex-
pression of numerous fetal sarcomere-associated genes, 
such as Tpm2, Myh7, Myl7, Myl9, and Acta2, which nor-
mally decline in adulthood [43-47]. Continued expres-
sion of fetal sarcomeric proteins after birth can impair 
myocardial contraction and relaxation as exemplified by 
phenotypes associated with a mouse model with forced 
postnatal expression of Tpm2 [48]. Our work suggests 
that the increased expression of fetal sarcomeric pro-
teins due to loss of miR-1s in postnatal heart alters the 
stoichiomeric composition of the sarcomere, decreasing 
myocardial performance and contributing to the develop-
ment of DCM in miR-1 dKO mice. 

Myocardial energy metabolism plays a key role in car-
diac performance and heart diseases [49]. It is established 
that metabolic abnormalities such as mitochondrial syn-
dromes can lead to cardiomyopathy [50, 51]. Recently, 

disease-causing mutations in the regulatory subunit of 
cardiac ATP-sensitive potassium (KATP) channels have 
been identified in patients with DCM [52]. Given that the 
glycolytic enzyme complex is associated with KATP chan-
nels [53], increased glycolysis, which can impair the abil-
ity of KATP to communicate between energetic status and 
membrane excitability, may at least partially contribute to 
the pathogenesis of DCM in miR-1 dKO mice. In addition, 
glycogen accumulation may also have detrimental effect 
on cardiac function in miR-1 dKO mice. Abnormally high 
glycogen stores have been found to account for clinical 
manifestations of cardiomyopathy as seen in familial hy-
pertrophic cardiomyopathy and Pompe disease, although 
the precise mechanism by which accumulated glycogen 
causes cardiomyopathy remains unknown [13, 14]. We 
provide the first evidence that Errβ can stimulate gly-
cogenesis. In the future, it will be interesting to explore 
whether they are involved in glycogen storage disease.

Our present work uncovers surprising multifaceted 
roles of miR-1 in repressing the fetal gene program dur-
ing the postnatal period. Nuclear receptor gene Errβ 
is identified as the direct target of miR-1, which can 
regulate glycolysis, glycogenesis, and fetal sarcomere-
associated genes. DCM is the most common type of 
heart muscle disease in children, and it accounts for sig-
nificant number of pediatric heart transplants. Compared 
with DCM in adult, the genetic causes of pediatric DCM 
remain relatively unknown and clinical treatment is not 
highly effective. Our data show that failure to properly 
suppress the fetal gene program can lead to DCM in 
newborns, which may provide an explanation for why 
pediatric DCM mostly occurs within first year after birth. 
If this holds true in humans, repressing the fetal gene 
program will be an effective strategy to treat certain 
types of pediatric DCM.

The miR-1s and miR-133as bicistron: key repressor for 
the cardiac fetal gene program

A comparison of the role of miR-1 and miR-133a will 
be important as they reside in the same miRNA clusters. 
Deletion of both miR-133a1 and miR-133a2 causes lethal 
ventricular septal defect. Surviving miR-133a mutant 
mice develop DCM postnatally. In miR-133a dKO mice, 
transcript levels of Acta2, Tagln, Cnn1, Cnn2, and Crp2 
significantly increased, which are highly expressed in the 
fetal heart but not in the adult heart [4-8]. The increased 
expression of these genes is due to elevated level of Srf 
[34]. Srf, however, does not seem to participate in acti-
vating sarcomeric machinery after loss of miR-1s as the 
transcript level of Srf does not change in developing and 
postnatal hearts in miR-1 dKO mice.

Recently, two groups reported miR-1 dKO mice and 
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miR-1/miR-133a dKO mice [54, 55]. In both studies, 
positive selection cassettes (pGK-neo or lacZ-pGK-neo) 
were left in the miR-1 loci. This complicates the interpre-
tation of the results of these studies because it is known 
that pGK-neo cassettes can cause transcriptional interfer-
ence [56]. Given the critical roles of miR-133a and Mib1 
in cardiac development and heart function [34, 57], that 
may explain why the phenotypes described for those 
mouse models differed from that observed in our study. 
For example, we and other group found increased car-
diomyocyte proliferation after loss of miR-1 or miR-133a 
[23, 34]; in contrast, cardiomyocyte proliferation was re-
ported to be decreased in the miR-1/miR-133a dKO mice 
[55]. A comparison of the targeting strategies and mouse 
phenotypes is provided in Supplementary information, 
Figure S11.

miRNAs in the same cistron can exert synergic action 
[58]. Both miR-1s and miR-133a can repress fetal sarco-
mere genetic circuits and inhibit cell proliferation. While 
it remains to be determined whether miR-133a is also in-
volved in glucose metabolism, our data clearly reveal the 
multifaceted role of miR-1 in repressing the fetal cardiac 
gene program, i.e., cell proliferation, sarcomere-associ-
ated genes, glycolysis, and glycogenesis. Combined with 
the published miR-1 and miR-133a null mouse models, 
an emerging common theme is that fetal genes such as 
Anp, transgelin, Acta2, Tpm2, Mylk, Crp2 are upregulat-
ed when one or both of these miRNAs is absent. Thus, it 
is becoming clear that miR-1/miR-133a bicistron acts as 
a key repressor for the cardiac fetal gene program, play-
ing a key role in driving cardiac maturation. 

Materials and Methods

Generation of miR-1-1 and miR-1-2 conditional knockout 
mice and Errβ transgenic mice

Both miR-1-1 and miR-1-2 targeting vectors were constructed 
using BAC recombineering. In brief, Sv129 ES cells were electro-
porated with the targeting vector. Targeted ES cell colonies were 
identified by Southern blot. Two properly targeted ES cells were 
injected into C57BL6 blastocysts in the Mouse Genetics Shared 
Resource Facility at the Mount Sinai to generate high-percentage 
chimeras. Errβ was overexpressed under α-MHC promoter in 
Errβ transgenic mice. Mice with miR-1 floxed allele were back-
crossed at least six generations to a Sv129 isogenic background. 
All experiments with mice were performed according to protocols 
approved by the Institutional Animal Care and Use Committees of 
Icahn School of Medicine at Mount Sinai.

Massively parallel sequencing, real-time quantitative PCR, 
and RT-PCR analysis

Total RNAs were extracted from hearts at E15.5 or P2.5 using 
TRIzol Reagent. mRNAs were purified using a poly-A selection 
approach. Sequencing libraries were prepared according to a stan-
dard protocol. Samples were sequenced on the Illumina HiSeq 

2000 platform in the Genomic Core at the Icahn School of Medi-
cine at Mount Sinai. The single (100 bp) or paired-end reads (100 
bp) were aligned to the mouse reference genome (NCBI Build 37/
mm9) using TopHat program (Bowtie algorithm). Transcript as-
sembles and identification of differentially expressed genes were 
achieved using Cufflinks package. To account for expression 
bias due to transcript length, each sample transcript expression 
was normalized by using cufflinks algorithm with a FDR of 0.05. 
Reads are available for download from the National Center for 
Biotechnology Information Sequence Read Archive under the ac-
cession number GSE45760. 

qPCR was performed using StepOne plus (Applied Biosys-
tems) per the manufacturer’s protocol. Primer sequences are listed 
in Supplementary information, Table S6. 18S rRNA was used as 
an internal control. Semi-quantitative RT-PCR was done in the lin-
ear range of amplification. 

Quantification of cardiomyocyte cell numbers, measurement 
of cell size, cell culture, and transfection assays

To quantify cell numbers, cardiomyocytes were isolated us-
ing an alkaline dissociation method as previously described [23]. 
Homogenous cell suspension was loaded onto a counting chamber. 
Cardiomyocytes in the counting chamber were distinguished from 
fibroblasts by cytoplasmic size and the presence of sarcomeres 
under phase contrast microscopy. The numbers of cardiomyocytes 
per mm2 of the counting chamber were evaluated eight times per 
heart (n = 3).

To compare size of cardiomyocytes, heart sections were 
deparaffinized, rehydrated, and incubated with 100 µg/ml TRITC-
labeled red wheat germ agglutinin for 1 h at room temperature. 
The cross-sectional area of left ventricular cardiomyocytes 
was measured using ImageJ. At least 100 cardiomyocytes were 
measured per field. Multiple sections obtained from four hearts per 
genotype were analyzed.

3′ UTR was subcloned into a pGL-TK vector and introduced 
into Cos cells with or without a plasmid containing miR-1 or mu-
tant miR-1. Luciferase assays were performed as described previ-
ously [24].

Neonatal rat ventricular myocytes were isolated by enzymatic 
dissociation of P1 or P2 neonatal Sprague-Dawley rat using the 
Neonatal Cardiomyocyte Isolation System (Worthington Bio-
chemical Corp.) following the instruction manual. Neonatal rat 
ventricular myocytes were plated on gelatin-coated plates for 
24 h, and then were infected with adenovirus expressing miR-1, 
Errβ, and GFP for 48 h with a multiplicity of infection (MOI) of 
50. PAS staining, glycolysis assay, or total RNA isolation were 
performed 48 h after adenoviral transduction. High-titer recom-
binant human adenovirus type 5 expressing miR-1 and Errβ were 
generated using the AdEasy™ Adenoviral Vector System (Agilent 
Technologies). A human Adenovirus Type 5 expressing GFP under 
the CMV promoter was used for control experiments.

Cell death analysis
TUNEL assay (In Situ Cell Death Detection Kit, Roche, Cat 

No: 11684809910) was used to detect apoptotic cells on paraffin 
sections. Evans Blue Dye (EBD) uptake was used to determine 
sarcolemmal integrity in vivo. Briefly, 1% EBD (wt/vol; 1 mg/0.1 
ml PBS/10 g body weight) was administered by intraperitoneal 
injection at the right side of the peritoneal cavity, after which the 
animals were returned to their cage and allowed food and water 
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ad libitum. After 24 h, the mice were sacrificed, and hearts were 
excised, snap-frozen in liquid nitrogen and sectioned into cryosec-
tions of 7 µm thickness with a Leica cryostat. If there was necro-
sis, EBD was detected as red autofluorescence under a fluorescent 
microscope.

Energy metabolism
An enzymatic approach was used to measure glycolysis [32]. 

Briefly, neonatal hearts at P2.5 were dissected out and minced 
into small pieces, and cardiomyocytes were released by digestion 
with 229 U/ml collagenase type II (Worthington Biochemical). 
Separation of cardiomyocytes from fibroblasts was achieved by 
differential plating. Cardiomyocytes were grown on collagen-
coated plate for 2 days. Cardiomyocytes were then pelleted and 
resuspended in Krebs buffer containing 1 mM glucose and 10 µCi/
ml [5-3H]-glucose for 1 h. Aliquots of each sample were added to 
50 µl of 0.2 N HCl in 500-µl centrifuge tubes. These tubes were 
placed upright in scintillation vials containing 1 ml H2O. The vials 
were sealed and permitted to equilibrate at 50 °C for 18-24 h. 
After the vapor-phase equilibration step, scintillation mixture was 
added to the vial for liquid scintillation counting. In the glycolytic 
pathway, 3H2O is formed from [5-3H]-glucose at the enolase step, 
which can be used to calculate the amount of glucose. [5-3H]-
glucose and 3H2O standards were included to calculate the rate of 
conversion. Because the rate of glycolysis is correlated with the 
amount of cell number and time, glucose usage was calculated as 
follows:

(dpm sample-dpm zero time) × dilution factor of [5-3H]-
glucose × dilution factor of 3H2O for scintillation/specific activity 
(dpm/pmol glucose) × time (h) × number of cells × coefficient of 
equilibration.

Total glycogen content was measured by a spectrophotometic 
assay [59]. Briefly, glycogen was degraded to free glucose by 
Amyloglucosidase Reagent (Sigma-Aldrich A-7420). Glucose 
was converted to glucose-6-phosphate by hexokinase. In the 
presence of NAH, Glucose-6-phosphate dehydrogenase catalyzed 
glucose-6-phosphate into gluconic acid, resulting in the release 
of nicotinamide adenine dinucleotide phosphate (NADPH). The 
amount of NADPH was determined by the absorbance at 340 nm, 
which was used to calculate glucose amount by comparing to that 
from glucose standard solution. PAS staining was performed on 
paraffin sections following a standard protocol.

Oil Red O Staining was performed on frozen sections. Briefly, 
frozen sections at 7 µm thickness were immersed in the working 
solution of oil red O for 30 min, and then were washed with 
deionized water. Haematoxylin counterstaining was performed to 
visualize nuclei.

Transmission electron microscopy, fluorescence immunohis-
tochemistry, picrosirius red staining, and western blot

For electron microscopy, the cardiac tissue was removed with 
a double-edged razor blade and dissected in a drop of glutaralde-
hyde fixative into tissue pieces that were no thicker than 2 mm. 
The tissues were then immediately immersion fixed in a solution 
of 3% glutaraldehyde in a 0.2 M sodium cacodylate, pH 7.2 buffer 
overnight. The tissue was then rinsed in a buffer solution of 0.2 M 
sodium cacodylate at pH 7.2, post-fixed with 1% osmium tetroxide 
for 1 h and again rinsed in the cacodylate buffer. The tissue was 
dehydrated in graded steps of ethanol and cleared in propylene 

oxide and finally embedded in embed 812. After polymerization, 
1 µl plastic sections were cut and stained with methylene blue and 
azure II and observed by light microscopy to choose representative 
cardiac tissue. The tissues were cut down and ultrathin sectioned 
and placed on 200 mesh copper grids, stained with uranyl acetate 
and lead citrate and observed with a Hitachi 7650 transmission 
electron microscope at 80 kV.

Confocal images were acquired with Leica SP5 DM in the 
microscope core at Mount Sinai using 40× objectives. Z spacing 
between slices was 1.3 µm.

Histological sectioning and hematoxylin and eosin staining 
were performed according to standard practices. Immunohis-
tochemistry was performed on cryosections of 7 µm thickness. 

Myocardial collagen was assessed by picrosirius red staining. 
Briefly, paraffin-embedded sections were stained in picrosirius red 
solution (Sigma: 365548) for 1 h after de-waxing. The sections 
were then dehydrated in absolute ethyl alcohol and examined with 
plane polarized light using Zeiss Axloplan 2.

Western blot was performed on heart tissues at P2.5 and P12. 
Source of antibodies and their dilutions were provided in Supple-
mentary information, Table S7.

Noninvasive assessment of heart function
Transthoracic echocardiography was applied to the noninva-

sive serial assessment of cardiac function in mice using the Vevo 
2100 ultrasound system (VisualSonics, Toronto, ON, Canada) at 
the In vivo Molecular Imaging SRF at Mount Sinai. Mice were 
lightly anesthetized with 1% isoflurane, and placed in dorsal re-
cumbency on a heated 37 °C platform. A 30-MHz transducer was 
positioned over the chest in a parasternal long-axis view at the 
level of the great end-diastolic dimension. M-mode images were 
obtained for measurements. All data were analyzed using Ve-
voStrain™ Analysis software. 

Statistical analysis
Data were presented as mean ± standard error of the mean 

(SEM). Comparisons between groups were performed using un-
paired two-tailed Student’s t-test. The overlapping of genes and 
enrichment of miR-1 seed in 3′ UTR were assessed using the 
Fisher’s exact test. The χ2 test was used to test genotype frequency. 
The P-value < 0.05 was considered statistically significant.

Accession numbers
Massively parallel sequencing data was deposited to GEO with 

accession number GSE45760.
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