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Abstract

MicroRNAs (miRNAs) have gradually been recognized as regulators of embryonic development; however, relatively few miRNAs 
have been identified that regulate cardiac development. A series of recent papers have established an essential role for the 
miRNA-17-92 (miR-17-92) cluster of miRNAs in the development of the heart. Previous research has shown that the Friend of 
Gata-2 (FOG-2) is critical for cardiac development. To investigate the possibility that the miR-17-92 cluster regulates FOG-2 
expression and inhibits proliferation in mouse embryonic cardiomyocytes we initially used bioinformatics to analyze 3’ untrans-
lated regions (3’UTR) of FOG-2 to predict the potential of miR-17-92 to target it. We used luciferase assays to demonstrate that 
miR-17-5p and miR-20a of miR-17-92 interact with the predicted target sites in the 3’UTR of FOG-2. Furthermore, RT-PCR and 
Western blot were used to demonstrate the post-transcriptional regulation of FOG-2 by miR-17-92 in embryonic cardiomyocytes 
from E12.5-day pregnant C57BL/6J mice. Finally, EdU cell assays together with the FOG-2 rescue strategy were employed 
to evaluate the effect of proliferation on embryonic cardiomyocytes. We first found that the miR-17-5p and miR-20a of miR-
17-92 directly target the 3’UTR of FOG-2 and post-transcriptionally repress the expression of FOG-2. Moreover, our findings 
demonstrated that over-expression of miR-17-92 may inhibit cell proliferation via post-transcriptional repression of FOG-2 in 
embryonic cardiomyocytes. These results indicate that the miR-17-92 cluster regulates the expression of FOG-2 protein and 
suggest that the miR-17-92 cluster might play an important role in heart development.
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MicroRNAs (miRNAs) are a class of small single-
stranded (~22 nucleotides; nt), non-coding RNA genes 
that, by binding complementary sequences in the 3’ un-
translated region (3’UTR) of messenger RNAs (mRNAs), 
mediate translational repression or direct mRNA cleavage 
(1). miRNAs are usually copied by RNA polymerase α as 
primary miRNA transcripts (pri-miRNAs) (2,3). The pri-
miRNAs are subsequently cleaved into approximate 70-nt 
stem-loop precursor hairpins, known as pre-miRNAs, by 
the nuclear RNase β enzyme Drosha (4). The pre-miRNAs 
are exported from the nucleus to the cytoplasm via the Ex-
portin-5 pathway, where it is cleaved into mature miRNAs 
by the RNase β enzyme Dicer in partnership with another 

RNA-binding protein called transactivation-responsive RNA-
binding protein (5-8). Finally, the mature miRNAs become 
singe-stranded RNAs with a complex of associated proteins 
known as the RNA-induced silencing complex bound to sites 
of complementarity in the 3’UTR of mRNAs. Subsequently, 
targeted mRNAs are translated less efficiently and undergo 
accelerated turnover (9).

Despite the large number of candidate targets, the 
definite cellular pathways, which are regulated by miRNAs, 
are not well understood. miRNAs have been implicated in 
development, differentiation, cell proliferation, apoptosis, 
and metabolism (10,11). In animals, miRNAs are frequently 
transcribed together as polycistronic primary transcripts, 
which are subsequently processed into multiple individual 
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mature miRNAs (12). miR-17-92 (also called Oncomir-1) is 
a polycistronic cluster of highly conserved miRNAs that has 
been shown to contribute to tumorigenesis (13-17), lung 
development (18,19), angiogenesis (20), adipocyte differen-
tiation (21), and heart development (9,22). The miR-17-92 
cluster consists of seven individual miRNAs (miR-17-3p, 
miR-17-5p, miR-18a, miR-19a, miR-19b, miR-20a, and 
miR-92-1) located in the third intron of a primary transcript 
of approximately 7 kb known as C13orf25 (23,24).

In humans, congenital heart disease usually refers to 
abnormalities in the heart’s structure or function, which 
are generated before birth and occur in approximately 12 
of 1000 live births (25). The development of the heart is a 
fascinating process. It involves the differentiation of cardiac 
precursors into many kinds of cell types including myocar-
dium, cardiac mesenchyme, and endocardium. Each of 
these cell types contributes in its own specific way to form 
the cardiac chambers, conduction system, and a highly 
specialized valvuloseptal apparatus (26). It is clear that 
precise regulation of its development is critical for normal 
functioning of the heart.

Friend of Gata-2 (FOG-2, also called zfpm2) is a multi-
zinc finger nuclear corepressor protein, which is neces-
sary for cardiac development (27,28). FOG-2 interacts 
directly with GATA factors to modulate GATA-dependent 
transcriptional activation and can act as an activator or 
repressor, depending on the promoter and cell type (29). 
FOG-2–/– embryos die around day E13.5 of cardiac defects, 
including thin myocardium, large ventricular septal defect, 
severe atrioventricular endocardial cushion defect, overrid-
ing aorta, and severe underdevelopment of the coronary 
vascular plexus (27,28,30). In this study, we initially used 
bioinformatics to analyze the 3’UTR of FOG-2. A putative 
8mer seed site of miR-17-5p, an 8mer seed site of miR-20a, 
a 7mer-m8 seed site of miR-19a, a 7mer-m8 seed site of 
miR-19b, and a 7mer-1A seed site of miR-92-1 are known 
to exist; furthermore, these targeted regions are highly 
conserved among mammals (www.targetscan.org). 

Here, we demonstrated that miR-17-5p and miR-20a 
directly target the 3’UTR of FOG-2 and post-transcriptionally 
repress the expression of FOG-2, and we also showed that 
over-expression of miR-17-92 may inhibit cell proliferation 
via post-transcriptional repression of FOG-2 in embryonic 
cardiomyocytes. This was the first study to show that FOG-
2 is targeted by the specific miR-17-92 cluster. Moreover, 
these results suggest that the miR-17-92 cluster might 
also play an important role in the regulation of cardiac 
development.

Material and Methods

Plasmid construction
The murine FOG-2 3’UTR was amplified from mouse 

genomic DNA with the forward primer: 5’-GCTCTAGAACT 
AACTGAGTTACTAAAG-3’ and the reverse primer: 5’-CGG 

GATCCAACGTCTCCAACAAT-3’. This 1016-bp fragment 
was cloned into the XbaI/BamHI site of the pGL3-promoter 
vector (Promega, USA) to create pGL3-FOG-2 after the 
SV40 polyadenylation sequence was removed. pRL-SV40 
was obtained from Promega. The miR-17-92 cluster expres-
sion construct was generated by using PCR to amplify a 
1102-bp fragment encoding the mir-17-92 cluster precursor 
from mouse genomic DNA with the forward primer: 5’-GTC 
AGAATTCCCCCTTGGGTATAAGCTGTAATT-3’ and the re-
verse primer: 5’-GTCACTCGAGACCAACGAAAGCAATAG 
AAATCA-3’. This fragment was cloned into the EcoRI/XhoI 
sites of pcDNA3.1(+) (Invitrogen, USA) to create pcDNA3.1-
miR-17-92. The pcDNA3.1-miR-17-5p (forward primer: 
5’-GCGAATTCCAAATTTAGCAGGAATAAAG-3’, reverse 
primer: 5’-CGCTCGAGGACTGGACGCAGCCAGTG-3’, 
EcoRI/XhoI), pcDNA3.1-miR-19a (forward primer: 5’-GCG 
AATTCATCCAATCCAAGTCAAGCAA-3’, reverse primer: 
5’-CGCTCGAGTACATCGACACAATAAAAATACAA-3’, 
EcoRI/XhoI), pcDNA3.1-miR-19b (forward primer: 5’-GCG 
AATTCCCTCTAAAATACCCAACATG-3’, reverse primer: 
5’-CGCTCGAGATGCTGCTCGGTTGGTGG-3’, EcoRI/
XhoI), pcDNA3.1-miR-20a (forward primer: 5’-GCGAATT 
CTATTGTGTCGATGTAGAGCCT-3’, reverse primer: 
5’-CGCTCGAGAACTAACCATAGACCAGTGCTCA-3’, 
EcoRI/XhoI) and pcDNA3.1-miR-92-1 (forward primer: 
5’-GCGAATTCCCATGCAAAACTGACTGTGG-3’, reverse 
primer: 5’-CGCTCGAGAGTGGAAATCGGCATCTTCA-3’, 
EcoRI/XhoI) expression constructs were cloned in the same 
way. The FOG-2 expression construct was generated by 
using PCR to amplify a 3456-bp fragment open reading 
frame encoding the N- and C-terminal of FOG-2 (aa 1-1151) 
from mouse heart cDNA with the forward primer: 5’-CGG 
GATCCATGTCCCGGCGAAAGCAGAG-3’ and the reverse 
primer: 5’-CCGCTCGAGTCATTTGACATGTTCTGCTGC 
ATGTGATG-3’. This fragment was cloned into the BamHI/
XhoI sites of pcDNA3.1(+) to create pcDNA3.1-FOG-2. All 
constructs were verified by DNA sequencing.

Cell culture and transfection
Hearts of E12.5-day mouse embryos were removed and 

placed in 1X Dulbecoo’s phosphate-buffered solution lacking 
magnesium and calcium (Gibco, USA). Ventricular tissue 
was minced and the cells were dissociated using 0.25% 
trypsin-EDTA (Gibco) at 37°C with gentle shaking. Trypsin 
digestion was halted after 10 min by transferring the cells 
to a trypsin neutralization solution [Dulbecco’s modified 
eagle medium (DMEM) with 20% fetal bovine serum (FBS); 
Gibco]. The cells were then centrifuged for 3 min at 1500 
rpm at 4°C and resuspended in nutritive medium. Cells were 
cultivated in DMEM, supplemented with 20% FBS, 100 U/
mL penicillin and 100 µg/mL streptomycin. HEK 293T cells 
were cultivated in DMEM supplemented with 10% FBS, 100 
U/mL penicillin, and 100 µg/mL streptomycin. Cells were 
cultivated in a humidified atmosphere of 5% CO2 at 37°C. All 
transfections were carried out using Lipofectamine™ 2000 
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(Invitrogen) according to manufacturer instructions.

Luciferase assays
The pcDNA3.1-miR-17-92 activity was determined by 

co-transfection of the pGL3-FOG-2 reporter with pRL-SV40 
into HEK 293T cells using Lipofectamine™ 2000. Forty-eight 
hours later, luciferase activity was determined with the Dual-
Luciferase Reporter Assay System (Promega) according to 
manufacturer instructions. Activity was defined as Firefly/
Renilla ratio, normalized to control vector transfection. All 
experiments were performed in triplicate and standard 
deviations calculated.

RT-PCR
Total RNA was isolated from cells using Trizol (Invitro-

gen) and cDNA was synthesized from this RNA using the 
RevertAid™ First-Strand cDNA Synthesis Kit (Fermentas 
Life Sciences, USA) according to manufacturer instruc-
tions. RT-PCR was performed using the sense primer: 
5’-ACTGCACATCAGCGTAATGACC-3’ and anti-sense 
primer: 5’-AATATCGCATAGCCGGCAGTA-3’ to amplify a 
741-bp fragment corresponding to the coding region. Data 
were normalized to results obtained with primers specific 
for GAPDH. Each experiment was performed in triplicate 
and standard deviations were calculated.

Western blotting
The cells were washed three times with ice-cold PBS 

buffer, lysed with RIPA Lysis Buffer (Boste, China) and 
placed on ice for 30 min. Proteins were separated on 10% 
SDS-PAGE and subsequently electrotransferred to a PVDF 
membrane (Millipore, USA). The membrane was blocked 
with 5% BSA in Tris-buffered saline and Tween 20 (10 
mM Tris, pH 7.5, 140 mM NaCl, 0.05% Tween-20) for 1 h 
at room temperature. A rabbit polyclonal antibody against 
FOG-2 (1:1000; GeneTex, USA) was used as the primary 
antibody, and horseradish peroxidase-conjugated goat 
anti-rabbit IgG was used as a secondary antibody. Western 
Blot Luminol Reagent (Zhongshan Bio, China) was used 
for antibody detection with X-ray film.

Northern blotting
Total RNA was isolated from cells using Trizol (Invitro-

gen). Total RNA was separated by 15% polyacrylamide gel 
electrophoresis with 0.5X TBE. After 1-h electrotransfer to 
an Immobilon-Ny+ membrane (Millipore) the membrane 
was prehybridized and hybridized in hybridization buffer 
(0.5 M sodium phosphate, pH 7.1, 2 mM EDTA, 7% SDS, 
0.1% sodium pyrophosphate, 50% formamide, 10 mg/
mL salmon sperm DNA) at 42°C for DNA probes. Probe 
sequences were as follows: miR-17-5p, 5’-ACTACCTGC 
ACTGTAAGCACTTTGCCAGAG-3’; miR-20a, 5’-CTACC 
TGCACTATAAGCACTTTACCAGAG-3’; U6, 5’-GCAGG 
GGCCATGCTAATCTTCTCTGTATCG-3’. Probes were 
labeled with [32P]-γ-ATP by T4 polynucleotide kinase (Ta-

KaRa, Japan). The membrane was washed twice with 10X 
SSC at room temperature for autoradiography.

5-Ethynyl-2’-deoxyuridine (EdU) assays
Cardiomyocyte proliferation was determined in vitro us-

ing the EdU DNA Proliferation in vitro Detection kit (RiboBio, 
China) according to manufacturer instructions.

Statistical analysis
Data are reported as means ± SEM for at least three 

separate experiments. Statistical analysis was performed 
by the Student t-test and ANOVA. P < 0.05 was considered 
to be statistically significant.

Results

Bioinformatics predicted miRNAs target FOG-2
In order to determine if miRNA was associated with 

the FOG-2 gene, we analyzed the 3’UTR of FOG-2 via the 
UC Santa Cruz genome database (UCSC, http://genome.
ucsc.edu). The data showed that the 3’UTR of FOG-2 was 
1011 bp in length and highly conserved across mammals 
(Figure 1A). To identify the candidate miRNAs associated 
with FOG-2, we utilized the TargetScan release 5.1 (http://
www.targetscan.org) to predict the miRNAs target FOG-2. 
As a result, the entire mouse FOG-2 3’UTR was found  
to contain 17 conservative target sites for 34 different  
miRNAs. Of the 34 miRNAs, the miR-17-92 cluster includes 
five miRNAs (miR-17-5p, miR-19a, miR-19b, miR-20a, 
and miR-92-1), and of the 17 target sites, the miR-17-92 
cluster occupies three putative target sites. After retrieving 
the 3’UTR of human, mouse, rat, chicken, and lizard from 
the TargetScan (http://www.targetscan.org), the alignments 
with miR-17-5p, miR-19a, miR-19b, miR-20a, and miR-92-1 
are illustrated in Figure 1B.

The miR-17-92 cluster directly targeted FOG-2 3’UTR
To explore whether FOG-2 is targeted directly by the 

miR-17-92 cluster in vitro, the full-length fragment of the 
3’UTR of FOG-2 was inserted into a luciferase reporter 
gene (Figure 2A). The pcDNA3.1, pcDNA3.1-miR-17-92, 
pcDNA3.1-miR-17-5p, pcDNA3.1-miR-19a, pcDNA3.1-
miR-19b, pcDNA3.1-miR-20a, pcDNA3.1-miR-92-1, 
pGL3-FOG-2, and pRL-SV40 were transfected into HEK 
293T cell lines using Lipofectamine™ 2000. The luciferase 
assays were carried out in triplicate 48 h after transfection. 
For comparative purposes, activity was defined as firefly/
renilla ratio, normalized to control vector transfection. As 
shown in Figure 2B, in HEK 293T cotransfected with the 
miR-17-92, miR-17-5p or miR-20a precursor and the pGL3-
FOG-2 construct, luciferase reporter activities obviously 
decreased compared to HEK 293T cotransfected with the 
pcDNA3.1 and pGL3-FOG-2 construct. We also did not 
find any significant changes in the expression of luciferase 
reporter activities in HEK 293T cotransfected with the  
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Figure 1. Bioinformatic analysis of the 3’ untranslated regions (3’UTR) of Friend of Gata-2 (FOG-2). A, The figure shows that the 3’UTR 
of the FOG-2 is highly conserved across mammals, as shown by the UC Santa Cruz genome database. The chromosome tracks show 
the location of the 3’UTR of FOG-2. In the dense display tracks, conservation is shown in grayscale using darker values to indicate 
higher levels of overall conservation as scored by phastCons. B, Schematic diagrams of the 3’UTR of FOG-2 and the predicted binding 
sites for the miR-17-92 cluster via the TargetScan release 5.1 database. The upper panel shows three putative target sites predicted on 
FOG-2 3’UTR and the lower panel shows multiple sequence alignment of miR-17-92 with the three binding sites on 3’UTR of FOG-2. 
The underlined bases represent the location of predicted miR-17-92 seed sites and spaces are added where needed to facilitate the 
alignment. The number in parentheses (below the yellow arrows) represents the location of miR-17-92 potential binding sites. Nucle-
otides in dark-shaded boxes indicate sequences that are present in all five species. 

Figure 2. miR-17-5p and miR-20a directly targeted 
the 3’ untranslated regions (3’UTR) of Friend of Gata-
2 (FOG-2). A, A schematic diagram of the constructs 
used to evaluate the function of the conserved region 
of the 3’UTR of FOG-2. B, HEK 293T cell lines were 
transfected with pRL-SV40 and a luciferase reporter 
containing the 3’UTR of FOG-2. Forty-eight hours after 
transfection, cell lysates were assayed for luciferase ac-
tivity and normalized to Renilla luciferase activity. Data 
are reported as means ± SEM for three independent ex-
periments. *P < 0.05 (ANOVA).
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miR-19a, miR-19b or miR-92-1 precursor and pGL3-FOG-2. 
These data imply that miR-17-5p and miR-20a may regulate 
FOG-2 protein expression by directly binding to the 3’UTR 
region of FOG-2.

The miR-17-92 cluster post-transcriptionally 
regulated FOG-2 expression

To further explore the roles of miR-17-92 in directly 
targeting the 3’UTR of FOG-2 in the expression of FOG-2, 
we constructed miR-17-92 and pcDNA3.1-FOG-2 over-
expression vectors as described above. The pcDNA3.1, 
pcDNA3.1-miR-17-92 and pcDNA3.1-FOG-2&pcDNA3.1-
miR-17-92 plasmids were transfected into E12.5 embryonic 
cardiomyocytes and RNA and protein were extracted from 
cardiomyocytes after transfection for 48 h. To confirm that 
miR-17-5p and miR-20a were indeed expressed in the em-
bryonic cardiomyocytes, we performed Northern analysis 
on total RNA from mouse embryonic cardiomyocytes using 
radiolabeled probes specific for miR-17-5p and miR-20a. 
miR-17-5p and miR-20a were expressed in the embryonic 
cardiomyocytes and both were overexpressed with the 
transfected pcDNA3.1-miR-17-92 vector (Figure 3). Nev-
ertheless, as anticipated, miR-17-92 did not decrease the 
mRNA expression in cardiomyocytes of FOG-2 compared 
with pcDNA3.1 and pcDNA3.1-miR-17-92 (Figure 4A). The 
protein expression in cardiomyocytes of FOG-2 was obvi-
ously decreased in pcDNA3.1-miR-17-92 compared with 
pcDNA3.1 (Figure 4B). The mRNA and protein expression 
of FOG-2 in cotransfected pcDNA3.1-FOG-2&pcDNA3.1-
miR-17-92 cardiomyocytes were increased (Figure 4A,B), 
indicating that miR-17-92 might post-transcriptionally 
regulate FOG-2.

Expression of miR-17-92 inhibited cell proliferation
To estimate the effects of miR-17-92 on cardiomyocyte 

proliferation, pcDNA3.1 and pcDNA3.1-miR-17-92 plasmids 
were transfected into E12.5-day embryonic cardiomyocytes. 

Cardiomyocyte proliferation was determined using the 
EdU DNA Detection kit after transfection for 48 h (Figure 
5A). The results of the EdU assay are illustrated in Figure 

 
Figure 3. miR-17-5p and miR-20a were expressed in the embry-
onic cardiomyocytes (EC). miR-17-5p and miR-20a were over-
expressed with the transfected pcDNA3.1-miR-17-92 vector in 
embryonic cardiomyocytes. *P < 0.05 (t-test). 

Figure 4. miR-17-92 post-transcriptionally down-
regulates FOG-2 protein in cardiomyocytes 48 h after 
transfection. A, Detection of Friend of Gata-2 (FOG-
2) mRNA expression by RT-PCR. Overexpression of 
miR-17-92 did not reduce the level of endogenous 
FOG-2 mRNA. Overexpression of FOG-2 increased 
the level of exogenous FOG-2 mRNA. Data were nor-
malized to the GAPDH level. B, Detection of FOG-2 
protein expression by Western blotting. Overexpres-
sion of miR-17-92 reduced the levels of endogenous 
FOG-2 protein. Overexpression of FOG-2 increased 
the level of exogenous FOG-2 protein. Data were nor-
malized to the level of GAPDH. Data are reported as 
means ± SEM for three independent experiments. *P 
< 0.05 (ANOVA). 
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5B. The proliferation rate was lower in pcDNA3.1 than in 
pcDNA3.1-miR-17-92 (P < 0.05). These findings suggest 
that overexpression of miR-17-92 might inhibit cardiomyo-
cyte proliferation. 

FOG-2 partially rescued proliferation induced by 
miR-17-92

To further identify the effects of FOG-2 on miR-17-
92-inhibited cell proliferation, we introduced the FOG-2 
overexpression vector (pcDNA3.1-FOG-2) and miR-17-92 
overexpression vector (pcDNA3.1-miR-17-92) simultane-
ously into cardiomyocytes by applying the EdU assays 
described above (Figure 5A). The results of the EdU as-
says are illustrated in Figure 5B. The proliferation rate was 
higher in pcDNA3.1-miR-17-92&pcDNA3.1-FOG-2 than 
in pcDNA3.1-miR-17-92 (P < 0.05), but was lower than in 
pcDNA3.1 (P < 0.05). These findings suggest that the miR-
17-92 cluster might inhibit at least in part cardiomyocyte 
proliferation by post-transcriptionally regulating FOG-2 in 
embryonic cardiomyocytes.

Discussion

miRNAs are a class of small RNA molecules that par-
ticipate in the developmental control of gene expression, 
and up to 30% of human protein coding genes may be 
regulated by miRNAs (31). miRNAs play substantial roles 
in development, differentiation, cell proliferation, apopto-

sis, and metabolism (10,11). miR-17-92 is 
a polycistronic cluster of highly conserved 
miRNAs that has been shown to contribute 
to tumorigenesis (13-17), lung development 
(18,19), angiogenesis (20), adipocyte differ-
entiation (21), and heart development (9,22). 
However, the definite cellular pathways that 
are regulated by miR-17-92 in the heart are 
not known. Whether there is a relationship 
between gene n3’UTR target seeds and 
miR-17-92 in the heart and what its function 
may be are still unanswered questions. These 
speculations are worth exploring. 

Congenital heart diseases are common in 
humans, and dysregulation of heart develop-
ment is the origin of this disease. FOG-2 is a 
multi-zinc finger nuclear corepressor protein, 
which is necessary for cardiac development 
(27,28). However, it is unclear whether 
FOG-2 is regulated by miR-17-92. Since the 
functions of miRNAs are clearly defined as 
patterns of complementarity to the 3’UTR 
of their targeted transcripts (32), the target 
region, which is located in the 2-7 position of 
the miRNAs, is a crucial determinant of the 
specificity of binding sites, and is required for 
perfect complementarity (33). Thus, we ap-
plied these principles to predict the theoretical 

miR-17-92 targets of the 3’UTR of FOG-2, and analyzed 
the evolutionary conservation of these targeted sites 
among humans, mice, rats, chickens, and lizards. On the 
basis of the results of bioinformatic analysis, the 3’UTR of 
FOG-2 was 1011 bp in length and highly conserved across 
mammals. The miR-17-92 cluster includes five miRNAs 
(miR-17-5p, miR-19a, miR-19b, miR-20a, and miR-92-1) 
and occupies three putative target sites associated with 
the 3’UTR of FOG-2. Moreover, the targeted 3’UTR sites 
in FOG-2 are highly conserved among mammals. These 
findings suggest that miR-17-92 might target FOG-2 via 
the putative seed sites. 

However, whether FOG-2 is directly targeted by the  
miR-17-92 cluster requires further experimental proof. Ac-
cording to the miRNA genesis process and transcription 
mechanisms, there are two main modes of miRNA overex-
pression: pri-miRNAs are driven by type α promoters or pre-
miRNAs are driven by type β promoters (34). In the present 
study, we used type α CMV promoters to drive genomic 
pri-miRNAs to gain high expression of mature miRNAs (miR-
17-5p, miR-19a, miR-19b, miR-20a, and miR-92-1), and the 
pri-miRNA was cloned from mouse genomic DNA by PCR. 
A luciferase activity assay then confirmed that miR-17-5p 
and miR-20a directly targeted the 3’UTR of FOG-2. This 
was consistent with our prediction by bioinformatic analy-
sis. In most mammals, miRNAs directly targeting with the 
complementary 3’UTR of genes would post-transcriptionally 

Figure 5. Expression of miR-17-92 inhibited cardiomyocyte proliferation. A, Car-
diomyocyte morphology was assessed by fluorescence microscopy (400X). Car-
diomyocyte proliferation was determined by the 5-ethynyl-2’-deoxyuridine (EdU) 
assay. Forty-eight hours after transfection, cardiomyocytes were stained with 
EdU and DAPI. The arrowheads indicate cells undergoing proliferation. B, Cell 
proliferation rate was decreased by overexpression of miR-17-92, but might be 
rescued by overexpression of Friend of Gata-2 (FOG-2). Data are reported as 
means ± SEM for three independent experiments. *P < 0.05 (ANOVA).
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inhibit the expression of the target gene (35). Our results 
initially showed that miR-17-92 post-transcriptionally sup-
pressed the translation of FOG-2, which also means that 
the regulation of miR-17-92 may reduce the expression of 
FOG-2. Since the abnormal expression of FOG-2 would 
lead to heart dysplasia we inferred that miR-17-92 might 
be involved in heart dysplasia through FOG-2.

It is well known that FOG-2 interacts directly with GATA 
factors to modulate GATA-dependent transcriptional activa-
tion and can act as an activator or repressor, depending 
on the promoter and cell type (29). In embryos deficient in 
FOG-2 or carrying a mutation, there is ventricular hypopla-
sia GATA-4 independent of FOG-2 (28). Moreover, FOG-2 
regulating the expression of FoxM1 via GATA-4 contributes 
to cardiomyocyte proliferation and ventricular heart develop-
ment (36). In our research, we further examined the effect 
of miR-17-92 post-transcriptionally regulated by FOG-2 on 
cell proliferation. Our findings demonstrated that miR-17-92 
might inhibit cardiomyocyte proliferation. In addition, EdU 
allied to FOG-2 rescue strategies confirmed that miR-17-92 
might indeed regulate cardiomyocyte proliferation by post-
transcriptionally regulating FOG-2 in heart development.

This study showed for the first time that the miR-17-
5p and miR-20a of the miR-17-92 cluster directly target 
the 3’UTR of FOG-2 and post-transcriptionally repress 

the expression of FOG-2. Moreover, we found that over-
expression of miR-17-92 may inhibit cell proliferation via 
post-transcriptional repression of FOG-2 in embryonic 
cardiomyocyte. These results demonstrated the importance 
of the miR-17-92 cluster in the regulation of FOG-2 protein 
expression and suggest that the miR-17-92 cluster may 
also play a role in the regulation of cardiac development. Of 
course, the miR-17-92 cluster has many other target genes 
and additional functions. On the other hand, FOG-2 has 
numerous unknown functions besides cell proliferation. It 
is worthwhile to explore novel cell functions for the FOG-2 
and miR-17-92-FOG-2 target relationship as well as the 
phenotype when knocking down the miR-17-92 cluster. In a 
subsequent study, we plan to generate the overexpression 
and knockdown of miR-17-92 transgenic mice for further 
research on the functions of the miR-17-92 cluster and the 
miR-17-92-FOG-2 relationship in vivo. 
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