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ABSTRACT 

Understanding the mechanisms of early cardiac fate determination may lead to 

better approaches in promoting heart regeneration after injury. MicroRNAs 

(miRNAs) involved in the process are particularly interesting due to their small 

profile and relatively shorter path to clinic. With Mesp1 as the marker, we used a 

Mesp1-Cre/Rosa-EYFP reporter system to track the earliest cardiac progenitors, 

and identified the miRNAs enriched in these cells. Among them, the miR-322/503 

cluster is found to be a powerful regulator of the cardiac program: (1) in a 

screening of more than 20 cardiac progenitor cell (CPC) enriched miRNAs, miR-

322/503 was the most powerful in driving calcium flux activity in mouse 

embryonic stem cells (mESCs) differentiation; (2) induced ectopic expression of 

miR-322/503 to mimic the natural course in mESCs led to α-actinin expression 

and significant increases of cardiac transcription factors (Tbx5, Mef2C, Nkx2-5 

and α-MHC); and (3) inhibitors of miR-322 and miR-503 significantly reduced 

expression of α-actinin and the above cardiac TFs. Remarkably, miR-322/503 

regulates the cardiac program by inhibiting an RNA-alternative splicing/decay 

factor, CUG-binding protein 1 (Celf1), which is also known for a role in myotonic 

dystrophy pathogenesis. The evidences include: (i) miR-322 and miR-503 had a 

shared target site at the 3’UTR of Celf1; (ii) expression patterns of miR-322/503 

and Celf1 were mutually exclusive, with the highest Celf1 expression in the brain; 

(iii) miR-322/503 repressed Celf1 protein expression in a dose-dependent 
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manner; (iv) Celf1-shRNA induced up-regulation of cardiac transcription factors 

and α-actinin, mimicking the function of miR-322/503; and (v) the ectopic 

expression of Celf1 repressed expression of cardiac transcription factors, while 

promoted expressions of early neural markers, including Sox1, Notch3, Nestin 

and Pax6. In summary, we have identified a miR-322/503-Celf1 pathway that 

promotes cardiac differentiation by preventing activation of other lineages. This 

new regulatory mechanism may be used to direct cardiac regeneration after 

heart injury, and treat myotonic dystrophy where Celf1 up-regulation is 

responsible for skeletal muscle wasting and other symptoms.  
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1 INTRODUCTION 

1.1 Heart development 

1.1.1 Overview of embryogenesis  

 

Embryogenesis is the embryo development process, which starts at fertilization. 

After fertilization, an egg cell and a sperm cell merge to form a zygote. The 

zygote then conducts mitotic division. After the first four divisions, the zygote 

becomes a 16-cell ball, which is known as morula. At late morula stage, the cells 

are separated into two groups: (1) the outer layer, called the trophoblast, which 

does not form an embryo; and (2) the inner cell mass (ICM), which finally 

develops into the embryo (1). After seven divisions, the embryo enters the 

blastula stage. Mammalian embryos in this stage form a blastocyst structure, in 

which the ICM part can be easily distinguished from the rest of the blastula. The 

embryo in the blastula stage has a cavity structure, the amniotic cavity, which is 

formed by the outer stratum derived from the trophoblast and the deep surface of 

the ICM as well as the primitive ectoderm and endoderm layers derived from the 

rest of ICM (2, 3). Then a non-transparent streak structure, known as the 

primitive streak, appears at the middle of the primitive ectoderm and endoderm 

(4). The primitive streak comes from the incrassation of the ectoderm’s axial part, 

which then grows deep into and mixes with the primitive endoderm (5, 6). The 

mesoderm layer then appears at the both sides of the primitive streak and grows 
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between the ectoderm and endoderm. At this point, the embryo has developed 

into three layers, the ectoderm, mesoderm, and endoderm. The embryo in this 

stage is called gastrula. The three layers shown in this stage will develop into 

different tissues and organs. For instance, the ectoderm mainly contributes to the 

nervous system, whereas part of the mesoderm will develop into cardiomyocytes 

of the heart. In mammalian animals, embryos also need formation of somites, 

which are derived from mesoderm and finally develop into skeletal muscle, 

vertebra, and other tissues. In the later stage, the embryo undergoes 

organogenesis and even metamorphosis, which marks the accomplishment of 

embryogenesis.  

 

In murine embryonic development, the pre-natal embryogenesis process is about 

nineteen days. On embryonic day 1 (E1.0), fertilization is completed and the 

zygote divides into 2~4 cells. On E2.0, the morula structure appears. On E3.0, 

the blastocyst appears and the ICM structure is visible. On E5.0, rapid growth of 

the ICM cells leads to the formation of the epiblast. Nodal signaling pathway 

functions in the epiblast of this stage to induce distal visceral endoderm (DVE), 

which will define the anterior-posterior axis of the embryo (7). On E6.0, 

gastrulation begins and the mesoderm layer appears. On E6.5, the 50 earliest 

heart precursor cells are identified on both sides of the epiblast (8). On E7.0, 

amniotic cavity structure is apparent. At this stage, the heart precursors migrate 

towards the midline of the epiblast and form a linear heart tube. On E8.0, somites 
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start to appear and the embryo tail is rotating from posterior to anterior. The heart 

tube is also looping at this stage. On E9.0, posterior neuropore forms and closes. 

On E10.0, a representative feature of the embryo is deep lens indentation. At 

E11.0, the most obvious feature is lens vesicle closure. On E12.0, embryos 

display the earliest finger structure. On E15.0, the toes of embryos separate 

clearly. On E17.0, skin of embryos gets thickened and wrinkled. On E19.0, 

embryos are born and start post-natal development.  
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1.1.2 Heart development and cardiac differentiation 

 

The heart is the first organ formed during embryonic development (9). The heart 

is comprised of several cell lineages, including cardiomyocytes, conduction 

system cells, smooth muscle cells, and endothelia cells (10). All cells of the heart 

are derived from three precursor cell populations: cardogenic mesoderm cells 

(CMCs), the proepicardium (PE), and cardiac neural crest cells (CNCCs) (11). 

CMCs forms the first heart field (FHF) and the second heart field (SHF) (10, 12), 

which finally develop into the main part of the myocardium of ventricular, atrial 

and outflow tract (OFT) (13, 14). CMCs also contribute to the formation of the 

endocardium (15, 16) and conduction system (17, 18). PE differentiates into 

cardiac fibroblasts, some cardiomyocytes, smooth muscle cells (19), and 

endothelia cells of coronary (20). CNCCs finally differentiate into aortic smooth 

muscle cells and heart nervous system (21) and contribute to the formation of 

cardiac valves and septation (22).  

 

CMCs are the first population that migrates from the primitive streak (PS) to the 

splanchnic mesoderm, from which the cardiac crescent develops (13). At murine 

embryo E8.0, the bilateral cardiac crescents fuse at the midline and form the FHF 

linear heart tube, which then undergoes looping and further development (23). 

The FHF heart tube cells then recruit other CMCs to build the SHF. FHF cells 
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mainly contribute to the left ventricle, whereas SHF cells mainly contributes to the 

atrials, OFT, and right ventricle (13, 24-27).  

 

PE is a population of cells that first appears at the septum transversum’s 

coelomic mesenchyme, which is located close to the venous pole of the E8.5 

embryo’s linear heart tube (28). PE gives rise to the cardiac fibroblasts, some 

cardiomyocytes, smooth muscle cells, and endothelia cells of coronary. In murine 

embryo development, PE cells migrate from the PE angle to the naked 

myocardium formed by CMCs and form the epicardium at E9.5~11.5 stage. The 

epicardium performs diverse and crucial functions in heart development, such as 

facilitating myocardium growth and giving rise to coronary vessels and 

epicardium-derived cells, which can further differentiate into other cardiac cell 

lineages, like cardiac fibroblasts (29-31). 

 

CNCCs are the third heart precursor cell population. CNCCs arise from the 

dorsal neural tube and initially belong to cranial neural crest cells (22). After 

migration to the heart, CNCCs contribute to the formation of aortic smooth 

muscle cells, the heart conduction system, cardiac valve, and septum. Loss of 

CNCCs leads to abnormal development of aortic arch, OFT septation, and 

conduction system. Moreover, ablation of CNCCs also results in abnormal 

function of myocardium (32).  
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Cardiomyocytes, also called cardiac muscle cells, are the functional unit of heart 

contraction and beating. Cardiomyocytes have a relatively low self-regenerative 

ability (33). Therefore, if cardiomyocytes get damaged, for example in heart 

failure, the heart cannot repair itself easily. Moreover, the remaining 

cardiomyocytes respond to a decreased pumping ability caused by injured 

cardiomyocytes with excessive growth, which finally leads to hypotrophy and 

even lower pumping function. Cardiomyocytes mainly arise from differentiation of 

the CMCs. The differentiation process from embryonic stem cells to CMCs and 

finally to cardiomyocytes is termed cardiac differentiation. The cardiac 

differentiation is regulated by many pathways. From embryonic stem cells to 

mesoderm precursor cells, the process is positively regulated by bone 

morphogenetic protein (BMP), Activin /Nodal, Wnt/β-catenin, and fibroblast 

growth factor (FGF) pathways (34, 35). As a target of Wnt/β-catenin pathway, 

Brachyury /T (T) serves as a marker of mesoderm precursor cells (36). T+ 

mesodermal precursor cells display two waves of Flk-1 expressions. The first 

wave of T+ /Flk-1+ cells contribute to the differentiation of the hematopoietic 

system; the second wave of T+ /Flk-1+ cells then differentiates into cardiac 

mesoderm cells (16, 37, 38). From T+ /Flk-1+ mesoderm precursor cells to 

cardiogenic mesoderm cells, T is down regulated and Mesp1 is initially 

expressed as a result of transcription regulation by Eomesodermin and Wnt/β-

catenin (39-41). Mesp1, a basic helix-loop-helix (HLH) transcription factor, is 

expressed in the early mesoderm (42). Mesp1 is expressed at the onset of 
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gastrulation (E6.25 stage of mouse embryos); after Mesp1 positive cells exit the 

PS, Mesp1 expression dramatically drops (42, 43). Mesp1 is expressed in the 

progenitor cells of both FHF and SHF cells. However, the expressions of Mesp1 

in FHF and SHF occur at distinct times, E6.25 for FHF and E7.25 for SHF in 

mouse embryo development, which indicates that FHF and SHF cells are derived 

from two different Mesp1 positive progenitor populations (44). Mesp1 knockout in 

mice causes lethal development defects, including abnormal heart morphology, 

cardia bifida, and abnormal developed smaller head folds (45). With the injection 

of Mesp1 overexpression plasmid into two-cell stage xenopus laevis embryos, 

beating region as well as myosin light chain expression could be induced in 

different regions of the embryos other than the region that generate heart, which 

indicated that Mesp1 could promote cardiac differentiation individually at early 

embryo stage (46). ES cells with Mesp1 overexpression, either constitutive (46) 

or inducible by doxycycline treatment (47), displayed precocious beating and 

cardiac troponin T expression (cTnT), and significant increases of cTnT and α-

MHC (46-48). The descendant cells of Mesp1 overexpressing ES cells could 

differentiate into all kinds of cardiomyocytes in the heart (46-48). Through 

hanging drop differentiation of Mesp1 overexpressing ES cells, wild type ES cells 

and a mixture of the both cells, people found that Mesp1 promoted cardiac 

differentiation in a cellular autonomous mode and has no remarkable influence 

on surrounding cells (47). Mesp1, a pivotal transcription regulator of cardiac 

mesoderm, promotes expressions of downstream cardiac factors, including Tbx5 
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(49), Mef2c (50), Nkx2-5 (51) and Myocd (40, 52). Therefore, the appearance of 

Mesp1 is the earliest marker of cardiac mesoderm and the start of further cardiac 

differentiation. As to further differentiation from cardiac mesoderm, regulatory 

mechanisms of differentiations towards the FHF and SHF cells are different. 

Differentiation towards FHF cells is promoted by BMP (53) and FGF (54) 

pathways and inhibited by the Wnt pathway (55). Cardiomyocytes, as a result of 

FHF cell differentiation, are marked by Nkx2-5, Gata-4 (56), Tbx5 and 

cardiomyocyte structure proteins, including MLC2a (57) and α-MHC (58). 

Differentiation towards the SHF cells is promoted by BMP, FGF, Wnt, Shh and 

TGF-β pathways (59, 60). Isl-1, regulated by the canonical Wnt pathway (61, 62), 

serves as a marker of the SHF cells to differ from the FHF cells. Although Isl-1 

was reported to be expressed in the early embryo development stage, Isl-1 is 

only expressed in SHF cells and not expressed in FHF cells in later cardiac 

differentiation process (60, 63). Isl-1+ /Nkx2-5+ /Flk-1+ SHF cells, a pool of SHF 

progenitor cells (15, 16, 64, 65), then differentiate into two populations: Isl-1+ 

/Flk-1+ SHF cells, which finally differentiate into endothelial and smooth muscle 

cells (64); Isl-1+ /Nkx2-5+ cells, which finally differentiate into cardiomyocytes and 

smooth muscle cells (66-68).  

 

Since Mesp1 is the marker of cardiac mesoderm and promotes the expressions 

of downstream cardiac transcription factors, it is logical to propose that the 

regulators enriched in Mesp1 positive progenitor cells, such as transcription 
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factors and non-coding RNAs (microRNAs, LncRNAs), might promote cardiac 

differentiation as well. Transcription factors involved cardiac differentiation 

regulatory pathways are well documented as described above. However, non-

coding RNAs (microRNAs, LncRNAs) involved cardiac pathways are still elusive. 

LncRNAs were discovered recently and described to be important regulators of 

various biological processes as well, but the function mechanisms of LncRNAs 

are still unclear. Compared to LncRNAs, microRNAs have a universal working 

mechanism, which makes the studies and applications of microRNAs easy and 

controllable. microRNAs are a group of small non-coding RNAs that regulate 

almost all biological processes. microRNAs are potential to be applied into 

therapy against diseases because they are endogenous and easily delivered. 

Although several microRNAs were reported to regulate heart development and 

diseases, those microRNAs were mostly function in the later cardiac 

differentiation stage or in heart disease conditions. The microRNAs that regulate 

earlier cardiac differentiation, especially immediately after cardiac mesoderm 

formation, were rarely reported. To discover those microRNAs, we performed 

cardiac differentiation promoting screening on the microRNAs enriched in Mesp1 

expressing cells and did further studies on the microRNAs that showed the 

highest cardiac promoting potential. 
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1.2 Heart failure and therapy strategies  

1.2.1 Heart failure 

 

Heart failure is the leading cause of mortality in developed countries. In those 

countries, the incidence of heart failure is about 2% among adults and 6~10% 

among adults over 65 years old (69, 70). The incidence of heart failure is higher 

in men than in women. Heart failure is a disease in which the heart loses the 

ability to pump enough blood to meet body needs (71). Heart failure can be 

caused by many heart-related diseases, such as myocardial infarction and high 

blood pressure (69, 72). The fundamental cause of heart failure is massive injury 

and loss of cardiomyocytes. As cardiomyocytes lack the ability of self-

regeneration, cardiomyocytes are unable to undergo proliferation to generate 

fresh cardiomyocytes to replace the injured ones. Heart failure is divided into 

three types based on which ventricle is affected: left-sided failure, right-sided 

failure, and biventricular failure. The symptoms of left-sided failure include the 

increase of breathing rate and work, displaced apex beat, and gallop rhythm. The 

symptoms of right-sided failure include enhanced hepatojugular reflux and 

obvious parasternal heave. Biventricular failure is usually characterized by 

pleural effusion. As a result of heart failure, the damaged heart experiences 

reduced contraction force and reduced ability to accommodate increased oxygen 

need. To compensate for the loss of contraction force, the heart then increases 
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heart rate and displays hypertrophy as a result of excessive growth of fibers. In 

heart failure, heart usually displays ventricle enlargement as compensation of 

contraction force loss. Researchers are seeking therapeutic approaches for heart 

failure. Recently, researchers have proposed a new concept – cell-based therapy 

against heart failure, using cardiomyocytes induced from cardiac progenitor cells, 

embryonic stem cells, or induced pluripotent stem cells (iPSC) to repair the 

injured heart (73-76). The aim of my project is to discover novel microRNAs that 

drive cardiac differentiation, which might then be applied into therapy against 

heart failure.  
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1.2.2 Therapy strategies against heart failure 

 

Presently, there are two main therapeutic strategies for heart failure: drug-based 

therapy and cell-based therapy. Currently, drug-based therapy is unable to 

correct the fundamental cause of heart failure and cannot repair the injured heart. 

The function of drug-based therapy is mostly to relieve the symptoms caused by 

heart failure. Therefore, the lethal rate from heart failure is still relatively high 

regardless of drug-based therapy. As a response, a new therapeutic strategy – 

cell-based therapy has been proposed (77-79). Cell-based therapy intends to 

replace damaged cardiomyocytes with cardiomyocytes either induced from 

cardiac progenitor cells, embryonic stem cell, or iPS in vitro or reprogrammed 

from other endogenous cell lineages in vivo (80). In order to efficiently induce 

cardiomyocytes from other cell lineages, understanding the mechanisms of 

cardiac differentiation and reprogramming is of top priority. Currently, 

researchers are attempting to apply newly discovered cardiac differentiation and 

reprogramming regulatory pathways into cell-based therapy against heart failure.  

 

In drug-based therapy, four major strategies have been used: vasodilators, 

diuretics, beta blockers, and positive inotropic agents. Vasodilators decrease 

either preload to lead to pooling of increased amount of blood (81, 82) or 

afterload to increase cardiac output (83). Diuretics improve tissue perfusion and 

pulmonary function (84). Beta blockers rescue some repressed nervous system 
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activation to strengthen heart beating and cardiac output (85). Positive inotropic 

agents also strengthen contractile force to increase cardiac output (86).  

 

In cell-based therapy, two main strategies are employed. One is inducing 

cardiomyocytes in vitro and transplanting the cardiomyocytes back into damaged 

heart region (75); the other is directly reprogramming cardiomyocytes in vivo, 

especially directly in the damaged heart region. For both strategies, two major 

cell sources were used, extra-cardiac stem cells and endogenous cardiac stem 

cells. Extra-cardiac stem cells include embryonic stem cells, iPS, and other non-

cardiac progenitor cells; endogenous cardiac stem cells include Isl-1+ cardiac 

stem cells, c-kit+ cardiac stem cells, Sca-1+ cardiac stem cells, epicardium 

derived cells, and so on (87). Currently, numerous protocols for inducing 

cardiomyocytes from human Pluripotent Stem Cells (hPSC) have been reported 

(75, 88). However, therapy against heart failure by transplanting hPSC-derived 

cardiomyocytes back into the body is hindered by safety problems and low 

engraftment to heart after injection (76). Nowadays, hPSC cells are substituted 

by other progenitor cells from the corresponding heart failure patients. Therefore, 

the safety problem, which mainly refers to immune rejection, is solved. However, 

there still a risk of arrhythmias if the transplanted cells cannot communicate well 

with heart conduction system (89). Moreover, low engraftment efficiency is still a 

problem. In clinical trials, transplanted cardiomyocytes are finally eliminated after 

a relatively long period. As a result, the majority of the patients that received the 
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therapy display no significant improvement. In contrast to the first strategy, the 

second strategy, reprogramming cardiomyocytes in vivo, does not have the 

problem of low engraftment efficiency or the safety problem. It was recently 

reported that cardiomyocytes could be induced from cardiac fibroblasts in vivo by 

either overexpressions of Tbx5, Mef2c, Gata4, and Hand2 or overexpressions of 

miR-1, miR-133, miR-208, and miR-499 (90-92). Those studies provide us with 

an idea that we may deliver those regulators directly into the damaged heart 

region to induce cardiomyocytes from residential cardiac fibroblasts and the 

newly generated cardiomyocytes are able to repair the damaged heart. Since 

microRNAs are small non-doing RNAs, they can be delivered in to bodies by 

more variable methods, including viral and nonviral delivery methods (93). The 

variety of delivery methods makes microRNAs a hopeful therapy approach 

against heart failure. In this study, we propose to discover novel microRNAs that 

can be candidates to be used to induce cardiomyocytes from other cell lineages 

and applied into heart failure therapy.  
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1.3 microRNA 

1.3.1 Overview of microRNA 

 

microRNAs (also termed as miRNA or miR) are a group of 20~22 nucleotides (nt) 

small non-coding RNAs. The function of microRNAs is to repress mRNA 

translation or induce mRNA degradation (94, 95). Mature microRNAs are 

produced through several steps: transcription, nuclear processing, nuclear export, 

and cytoplasmic processing. microRNA coding genes are mainly transcribed 

from genomic DNA with RNA polymerase II (96). The initial transcripts containing 

microRNAs are called pri-miRNAs. Pri-miRNAs are usually about 80 nt hairpin-

loop RNAs that have 5’ cap and 3’ poly (A) end (96, 97). Pri-miRNAs then are cut 

by Drosha /DGCR8 complex to generate pre-miRNAs in the nucleus. Pre-

miRNAs keep the hairpin-loop structure with 2 nt overhang at 3’ end but do not 

have 5’ cap and 3’ poly(A) end structure (98). Pre-miRNAs then are exported into 

cytoplasm through Exportin-5, a nucleocytoplasmic shuttler (99). Pre-miRNAs 

are cleaved by Dicer to remove the loop structure that connects 5’ and 3’ double 

strand arms and in this way to generate duplexes of miRNA-5p:miRNA-3p pairs 

in the cytoplasm (100, 101). miRNA-5p:miRNA-3p pairs then are dissociated and 

one of the two strands is incorporated into RNA-induced silencing complexes 

(RISC). miRNA incorporated RISC then interacts with its target mRNAs to 

repress translation or induce mRNA degradation (102, 103). To function, miRNA 
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should bind to its fully or partially complementary mRNAs and in this way drives 

RISC to its target mRNAs. In mammals, the binding of miRNA to its target 

mRNAs is partially complementary but binding of a 7 nt region of miRNA, called 

seed sequence, to target mRNAs should be fully complementary (104). There 

are many bioinformatic tools for miRNA target prediction, for example RNA22 

(105). By bioinformatic prediction, each miRNA could target hundreds of mRNAs 

because of the relative short recognition sequence, which is also proved by 

experiments (106-108). By targeting mRNAs, microRNAs regulate almost all 

biological processes, including cell differentiation, cell proliferation, insulin 

secretion, development timing, and apoptosis. In this project, we were studying 

the function of microRNAs in promoting embryonic stem cell differentiation 

towards cardiomyocytes.  

  



17 
 

1.3.2 microRNAs involved in heart development and diseases 

 

microRNAs are a group of small but important regulators that function in almost 

all biological processes. The important role of microRNAs in heart development 

was shown by global deletion of all microRNAs in cardiovascular cells through 

conditional knockout (CKO) of Dicer in cardiovascular cells of mice. As a result, 

the CKO mice died due to the knockout of Dicer in cardiovascular cells (109). It is 

proved that microRNAs played a crucial role in the cardiovascular system. 

Recently, many microRNAs were reported to function in both cardiovascular 

development and diseases. 

 

The heart is composed of various types of cells, including cardiomyocytes, 

fibroblasts, conduction system cells, vascular endothelia and smooth muscle 

cells (SMCs), and epicardial and endocardial cells. Regulatory microRNAs vary 

among differentiation processes of those cell types. For cardiomyocyte 

differentiation, miR-1 and miR-133 are two well-known microRNAs, and were 

reported to have important regulatory function during differentiation. The 

expressions of miR-1 and miR-133 are regulated by SRF and MEF2 (110, 111). 

miR-1 and miR-133 work jointly in facilitating mesoderm formation and inhibiting 

ectoderm and endoderm formations. However, miR-1 still promotes 

cardiomyocyte formation from mesoderm cells, while miR-133 inhibits this 

process (112). 50% of mice survived with the knockout of either miR-1 and miR-
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133 Concurrently, miR-210 was reported to repress cardiac differentiation by 

targeting Shh pathway (113). For conduction system cell differentiation, miR-

208a, a microRNA encoded by α-MHC intron, is reported to inhibit the 

differentiation process through repressing several important transcription factors, 

such as Gata4, and the gap junction protein connexin 40 (114). Beyond their 

functions in heart development, microRNAs also play important roles in heart 

diseases. miR-208a induces heart hypertrophy through targeting thyroid 

hormone-associated protein 1 and myostatin (114). miR-23a promotes 

hypertrophy by repressing ubiquitin proteolysis (115). miR-21 was shown to 

induce cardiac hypertrophy and fibrosis after cellular stress (116). miR-29 

protects the heart from fibrosis by inhibiting the expression of extracellurlar matrix 

proteins (117).  

 

The vascular system is composed of endothelial cells and SMCs. Angiogenesis 

is the process of vascular formation, in which endothelia cells form tube structure 

and recruit SMCs to endothelial plexus to generate new vasculature. miR-126 

promotes angiogenesis by activating vascular endothelial growth factor (VEGF) 

signaling (118). miR-218 promotes angiogenesis by targeting SLIT-ROBO 

pathway (119). miR-145 is reported to be crucial for SMC differentiation. Besides 

angiogenesis, microRNAs also regulate vascular diseases (120). miR-21 

promotes excessive SMC proliferation and restenosis; whereas, miR-145 

promotes SMC differentiation and inhibits restenosis (121, 122). 
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Therefore, microRNAs are important regulators in almost all fields of 

cardiovascular development and diseases. Although many microRNAs were 

reported to regulate cardiac differentiation and heart disease, almost all of them 

worked in relatively late stage of cardiac differentiation and the disease of adult 

heart. For example, the fact that miR-208a is a microRNA encoded by α-MHC 

intron, which is expressed at late stage of cardiac differentiation, indicates miR-

208a may function in relatively late stage of cardiac differentiation. In order to 

apply microRNAs into cell-based therapy against heart failure, we are eager to 

discover microRNAs functioned in relatively early cardiac differentiation stage, for 

example cardiac mesoderm, so that the microRNAs could be used to induce 

cardiomyocytes from cardiac progenitor cells or other cell lineages.  
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1.3.3 microRNA as a therapeutic approach against cardiovascular diseases  

 

microRNAs are important regulators in cardiovascular development and diseases 

(123-126). The unique expression patterns of certain microRNAs in 

cardiovascular diseases make the microRNAs promising diagnostic markers 

(127-129). Dysregulated microRNAs are closely associated with cardiovascular 

diseases. As both ectopic expression and inhibition of microRNAs can now be 

easily introduced into cells or tissues, microRNAs are unquestionable therapeutic 

targets. Ectopic expression and inhibition of microRNAs can be achieved with 

microRNA mimics and antimiRs. Currently, antimiR-based therapy has been 

performed on non-human primates (130, 131). For example, the antimiR against 

miR-122, a microRNA that is important for hepatitis C virus (HCV) pathology, was 

used to treat chronically HCV-infected chimpanzees (131). The antimiR was an 

oligonucleotide that was complementary to miR-122 and modified with locked 

nucleic acids (LNAs), which increased its binding strengthen to miR-122. With 

the antimiR treatment, the chimpanzees showed weakened HCV symptoms. The 

application of antimiR-based therapy into human clinical trials is in process.  

 

The fact that each microRNA targets hundreds of mRNAs is a “double-edged 

sword”. microRNAs commonly regulate cardiovascular diseases through 

synergistically targeting several genes in the same regulatory pathways, 

undergoing an altered mechanism when compared to classical drugs. An 
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individual microRNA’s effect on one target is usually relatively weak, but the 

microRNA’s effects on several synergistic targets are amplified (132). This 

complexity in microRNA targets allows microRNAs to overcome a common 

defect of classical drugs, which is cells or tissues’ insensitivity to drugs after 

therapy for a period of time. However, this complexity may also introduce 

unpredicted off-target effects in different cells or tissues. For example, miR-17/92 

cluster have been reported to facilitate lung cancer as well as promote cardiac 

differentiation (133, 134). If miR-17/92 mimics are used for heart failure therapy, 

potential increases in the incidence of lung cancer in patients will be a problem. 

Therefore, we need to find ways to take advantage of the complexity of 

microRNA targets and avoid off-target effects at the same time when using 

microRNA-involved therapies. 

 

Meanwhile, delivery methods and safety concerns are two main challenges for 

microRNA-involved therapy. When introducing ectopic microRNA expression, 

adeno-associated virus (AAV) is the most ideal delivery method now to maintain 

stable and relatively high level microRNA expression level (135, 136). Currently, 

a cardiac-specific AAV subtype is under development. One AAV subtype – AAV9 

was thought to be only cardiac affinitive (137-140) but finally proved to exist in 

other tissues (141, 142). In addition, the AAV delivery method might cause 

random insertions into genomic DNA, which is a hidden safety risk. At the same 

time, AAV could cause immune resistance from bodies (143). Therefore, there 
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are lots of concerns about AAV delivery method. Also, when introducing 

microRNA inhibitors to down-regulate microRNA levels, the synthetic microRNA 

inhibitors might be recognized as foreign antigens by the body and instigate the 

immune response, thereby causing inflammation (144).  

 

In summary, microRNAs are promising diagnostic markers and therapeutic 

targets in spite of some challenges. As to heart failure, cell-based therapy, as a 

promising therapy approach, needs to induce cardiomyocytes from non-

cardiomyocyte cells via certain ways, for example the treatment of microRNAs. 

Before applying microRNAs into heart failure therapy, it is necessary to 

understand how and which microRNAs regulate cardiac differentiation. 

Considering that microRNA involved cardiac regulatory pathways in earlier 

cardiac differentiation stage were still elusive, we performed this study to 

discover novel microRNAs that functioned in that stage. Since Mesp1 is a pivotal 

regulator and the earliest marker of cardiac mesoderm (47), we performed 

cardiac-driving screening on the microRNAs that were enriched in Mesp1 

positive progenitor cells and did further study on the microRNAs that showed the 

highest cardiac-driving potential to find their functional mechanisms.  
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2 MATERIAL AND METHODS 

2.1 Cell culture and lentivirus production 

E14 cells, as mouse embryonic stem cells, were cultured on plates coated with 

0.1% gelatin in KNOCKOUTTM DMEM (Gibco) supplemented with 15% 

embryonic certified FBS, 2 mM L-Glutamin, 100 U/mL penicillin, 100 μg/mL 

streptomycin, 100 nM 2-Mercaptonol, and 1.0X103 U/mL Leukemia inhibitory 

factor (LIF) (EMD Millipore). Upon differentiation, E14 cells were cultured on the 

plates coated with 0.5 mg/mL collagen IV (Sigma) in 70.9% Iscove's Modified 

Dulbecco's Medium (Gibco), 23.6% Ham's F-12 Nutrient Mix, 0.05% BSA, 100 

U/mL penicillin, 100 µg/mL streptomycin, 0.45 mM 1-thioglycerol, 2 mM L-

Glutamine, 0.5X B27 Supplement (Gibco), and 0.5X N2 Supplement (Gibco). The 

initial cell density for differentiation was 1.0X105. To specify cardiac 

differentiation, 10 ng/mL activin (R&D) was added for the first 4 days. To specify 

neural differentiation, 10 uM SB431542 (TOCRIS) and 12 ng/mL FGF2 (R&D) 

were added.  

 

293FT cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM/HIGH) 

(Fisher Scientific) supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL 

streptomycin and 2 mM L-Glutamine. For lentiviral production, 6X106 293FT cells 

were plated onto 10 cm plate 24 hours prior to transfection. During transfection, 8 

µg lentiviral plasmid, 4 µg pMD2.G, and 6 µg psPAX2  were mixed thoroughly in 
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1 mL serum free DMEM. Then 36 µL Fugene HD (Promega) was added to the 

plasmids mixture in serum-free DMEM. The plasmids and Fugene HD were 

mixed thoroughly by vortexing and incubated at room temperature for 30 minutes. 

The transfection mixture was then added to the 293FT cells drop-wise over the 

plate. The cells were then incubated at 37ºC and 5% CO2 for 72 hours. The 

culture medium was changed 24 hours after transfection. Then 293FT 

cells’medium was collected at 48 and 72 hours. The collected media was 

centrifuged at 2000 rpm, 4 ˚C for 7 minutes. Finally, the supernatant was 

collected and stored at -80 ˚C for future use. 

 

2.2 Ectopic microRNA expression clones construction and cardiac-

driving screening 

microRNA inserts were amplified through PCR from G4 mouse genome using 

Phusion High-Fidelity DNA Polymerase (New England BioLabs). The backbone 

vector chosen was Pll-3.8, a GFP expressing vector.. For single microRNA 

clones, we used T4 Polynucleotide Kinase (New England BioLabs) to add 

phosphates to the ends of PCR products and then cut the inserts with restriction 

enzymes, XhoI and HpaI. For microRNA cluster clones, the inserts were cut 

using EcoRI. The pll-3.8 vector was cut by XhoI and HpaI for single microRNA 

clones and EcoRI for microRNA clusters.We then used Rapid DNA Dephos & 

Ligation Kit (Roche) to dephosphrolate and ligate the single and cluster clones 

into the PII-3.8 backbone. All clones were sequenced to be correct. Constructed 
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microRNA expression clones are shown in Table 1. We then produced 

lentiviruses from the microRNA clones by the method described in 2.1. E14 cells 

were infected with the constructed lentiviruses and sorted for GFP positive cells 

by FAC sorting to generate stable transfection cell lines. While screening, the 

stable cell lines were cultured in the described cardiac differentiation medium and 

planted into glass bottom 96-well plates. The medium was changed every 48 

hours during the differentiation period. On differentiation days 5 to 8, the cells 

were stained with Fluo-4 calcium indicator (Life technologies) and scanned by 

the Vala microscope to monitor calcium flux activities following electrical pulses. 

The control group used lentivirus containing blank Pll-3.8 plasmid.  
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Table 1. Ectopic microRNA expression clones. Ectopic microRNA expression 
clones were constructed for cardiac-driving screening. This table includes11 
microRNA clusters and 12 single microRNAs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Clone Name Included microRNAs 
miR-322/503 cluster miR-322. miR-503 
miR-17/92 cluster miR-17, miR-18a, miR19a, miR19b-1, miR92a-1 
miR-130b cluster miR-130b, miR-301b 
miR-369 cluster miR-369, miR-409, miR-410, miR-412 
miR-382 cluster miR-382, miR-134 
miR-27a cluster miR-27a, miR-23a, miR-24-2 
miR-99b cluster miR-99b, let-7e 
miR-192 cluster miR-192, miR-194-2 
miR-96 cluster miR-96, miR-183 
miR-141 cluster miR-141, miR-200c 
miR-425 cluster miR-425, miR-191 
miR-21 miR-21 
miR-152 miR-152 
miR-542 miR-542 
miR-26a1 miR-26a1 
miR-340 miR-340 
miR-28 miR-28 
miR-335 miR-335 
miR-708 miR-708 
miR-378 miR-378 
miR-26a2 miR-26a2 
miR-31 miR-31 
miR-126 miR-126 
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2.3 Inducible ectopic gene expression ES cell lines 

Inducible ectopic gene expression system was purchased from Clontech. To 

construct pLVX-miR-322/503 plasmid, miR-322/503 insert was PCR amplified as 

described above, cut by EcoRI, and ligated into pLVX-Tight-Puro vector that 

were cut by EcoRI using Rapid DNA Dephos & Ligation Kit (Roche). To construct 

pLVX-Celf1 plasmid, 3.1FlagCUGBP plasmid (contributed by Dr. Thomas A. 

Cooper, Balyor College of Medicine) was cut by NheI, then blunted by T4 DNA 

polymerase (New England BioLabs), and finally cut by NotI to release Celf1 ORF. 

pLVX-Tight-Puro was first cut by BamHI, then blunted by T4 DNA polymerase 

(New England BioLabs), and finally cut by NotI. Ligation was performed with 

Rapid DNA Dephos & Ligation Kit (Roche). 

 

pLVX-miR-322/503, pLVX-Celf1, and pLVX-Tet-On Advanced vector were 

individually co-transfected with pMD2.G and psPAX2 into 293FT cells to 

generate their corresponding lentiviruses. E14 cells were first infected by pLVX-

Tet-On Advanced lentivirus and selected by 200 µg/mL Neomycin from 72 hours 

after infection for 10 days to generate stable E14 Tet-On Advanced cell line. E14 

Tet-On Advanced cells were then infected with pLVX-miR-322/503 or pLVX-Celf1 

lentiviruses. These cells were then selected for successful infection by 

supplementing their medium with 1 ug/mL Puromycin post-infection days 3 until 5 

to generate stable E14 Tet-On Advanced/ pLVX-miR-322/503 or E14 Tet-On 

Advanced/ pLVX-Celf1 cell lines. . After the two cell lines were established, each 
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line was then differentiated as described above. During differentiation, 

doxycycline was added from differentiation day 3 for E14 Tet-On Advanced/ 

pLVX-miR-322/503 cells and differentiation day 4 for E14 Tet-On Advanced/ 

pLVX-Celf1 cells to induce ectopic expressions of the corresponding genes. 

 

2.4 Total RNA extraction and Real-Time Quantitative RT-PCR 

Cells were homogenized in Tripure Isolation Reagent (Roche). 0.2 mL 

chloroform/ 1mL Tripure was added to the homogenized cells and the mixture 

was shaken vigorously for 15 seconds. The mixture was left at room temperature 

for 3 minutes and then centrifuged at 12000 g, 4 ˚C for 15 minutes. The aqueous 

phase of the mixture was transferred to a nuclease free tube and precipated with 

isopropanol at room temperature for 10 minutes. After centrifugation, the 

supernatant was discarded and the pellet washed in 70% ethanol. The pellet was 

air-dried and dissolved in nuclease-free water. RNA concentration was 

determined by Nanopure measurement (General Electric).  

 

Real-Time Quantitative RT-PCR (RT-qPCR) was used to measure the 

expression levels of microRNA or mRNA in total RNA samples. Taqman 

MicroRNA Assay systems (Life Technologies) (Table 3) and 7900HT Fast Real-

Time PCR System (Applied Biosystems) were used for microRNA measurement. 

microRNA expression levels were related to 18s rRNA (Table3). Customized 

Taqman primers and probes (Table 2), TaqMan Gene Expression Assay systems 
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(Table 3), EuroScript RT-PCR kit (Euroclone Cytogenetics) and 7900HT Fast 

Real-Time PCR System (Applied Biosystems) were used to determine mRNA 

levels. Each well contained a 20 µL total mixture. This mixture consisted of 10 µL 

2X buffer, 0.5 µL 4uM forward primer, 0.5 µL 4uM reverse primer, 0.5 µL probe, 

0.1 µL RT enzyme, and 7.4 µL nuclease-free water for customized Taqman 

primers and probes. For TaqMan Gene Expression Assays 10 µL 2*buffer, 1 µL 

primer and probe mix, 0.1 µL RT enzyme, and 7.9 µL nuclease-free water were 

used. mRNA expression levels were related to GAPDH. At least three biological 

replicates were performed for each condition, and then analyzed with the 

student’s T-test.   
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Table 2. Customized RT-qPCR Taqman primers and probes used in this 

study.  

Gene Forward Primer Probe Reverse Primer 
Oct4 CACGAGTGGAAAGCAACTC

AGA 
CTCTGAGCCCTGTGCCGACC
G 

TCTCCAACTTCACGGCATTG 

Sox2 TGGACAGCTACGCGC
ACA 

CTGCCGTTGCTCCAG
CCGTTC 

GCTGCTCCTGCATCAT
GCT 

Eomes GCCGTCTGCGATTCG
CT 

AGCATGCAGTTGGGA
GAGCA 

GGGCAGGTTCACCGA
GCT 

Mesp1 GGCACCTTCGGAGGG
AGTAG 

TCCTGGAAGAGGCGG
CAGTGATACC 

CCCGGGATGCCATGT 

Gsc CTGGCCAGGAAGGTG
CAC 

TTCGGGAGGAGAAGG
TGGAGGTCTG 

CTTGGCTCGGCGGTT
CTTA 

Tbx5 CAGGCTGCCTTCACC
CAG 

AGGGCATGGAAGGAA
TCAAGGTGTTTCT 

CAGCCACAGTTCACG
TTCATG 

Mef2C TCCACTCCCCCATTGG
ACT 

ACCAGACCTTCGCCG
GACGAAAG 

TGCGCTTGACTGAAG
GACTTT 

Nkx2-5 CCTCGGGCGGATAAA
AAAGA 

CGCGCTGCAGAAGGC
AGTGG 

GCCATCCGTCTCGGC
TT 

α-MHC GAATGACGGACGCCC
AGATG 

TTGTCATCAGGCACGA
AGCACTCCG 

ACGACCTTGGCCTTAA
CATACTC 

Myf5 AGCAGCTTTGACAGC
ATCTACTGT 

TGCTGCAGATAAAAGC
TCCGTGTCCA 

AATGCTGGACAAGCA
ATCCAA 

Pax3 CCAGAGGGCGAAGCT
TACC 

TCTGGTTTAGCAACCG
CCGTGCA 

GTTGATTGGCTCCAG
CTTGTTT 

Sox17 TCGGTCTGGAGAGCC
ATGAG 

TACGCCAGTGACGAC
CAGAGCCAGC 

CCACCACCTCGCCTTT
CAC 

Flk1 ACTGCAGTGATTGCCA
TGTTCT 

CTGGCTCCTTCTTGTC
ATTGTCCTACGGA 

TCATTGGCCCGCTTAA
CG 

Pecam
1 

CGAAGTTAGAGTTCTC
CTCCAGTC 

TGTCACTCTCCTCGGC
GATCTTGCT 

GCCGATGCCTGCAGT
ACAG 

Acta2 GCCCTGCCTCATGCC
ATC 

CACGGACAATCTCAC
GCTCGGCAGT 

AAGTCCAGAGCTACAT
AGCACAG 

myocd CGAGAAAACAATTGGA
TAGTGCC 

AAGGGCAGAAACAGG
TCCGACCGT 

AATGTGCATAGTAACC
AGGCTGG 

Notch3 CTGGGAATGAAGAACATG CATTCAAGTCTGTGAC
CACCTCC 

CTACCTTCAGTCTCTTGG 

Sox1 ACCGCCTTGCTAGAA
GTTGC 

AAGCCGCCAAGGAAG
CCAGCACAG 

GTTCGCTGCCTCCTCT
TGTC 

Pax6 GACTGCCAGCTTCCAT
CCAC 

CCTCGCCTCCAGCCT
CAGCCG 

AACACACCAACTTTCG
CAAGATAG 

Gapdh ACTGGCATGGCCTTC
CG 

TTCCTACCCCCAATGT
GTCCGTCGT 

CAGGCGGCACGTCAG
ATC 
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Table 3. Taqman MicroRNA and Gene Expression Assays purchased from 

Life Technologies. 

Gene Assay ID Catalog Number 

miR-322 (424) 001076 4427975 

miR-503 002456 4427975 

18s rRNA N/A 4333760F 

Wnt5a Mm00437347_m1 4331182 

Hdac5 Mm01246076_m1 4453320 

Tbx3 Mm01195726_m1 4453320 

Celf1 Mm04279608_m1 4351372 

Celf2 Mm01336295_m1 4351372 

Celf4 Mm01164640_mH 4351372 

Celf6 Mm01176134_m1 4351372 

Nestin Mm00450205_m1 4453320 
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2.5 microarray analysis 

Total RNA samples were sent to Phalanx Biotech Company (CA, USA) for 

Mouse OneArray microarray analysis. Each sample was performed in triplicate. 

Data were initially statistically analyzed by Phalanx. Further analysis in the form 

of gene ontology (GO) was completed in our lab with the assistance from 

Benjamin Soibam to determine gene changes in each biological process. 

 

2.6 Immunostaining 

The cells on plates or slides were fixed with 4% Paraformaldehyde (PFA) and 

blocked with Phosphate-Buffered Saline (PBS) + 0.1% Triton-100 + 10% normal 

goat or donkey serum, dependent on the primary antibody source. The cells were 

then incubated in primary antibodies at room temperature overnight. The primary 

antibodies included mouse monoclonal antibody against sarcomeric α-Actinin 

(1:100, Novus Biologicals), mouse monoclonal antibody against SM-actin (1:100, 

Santa Cruz), goat antibody against VE-Cadherin (1:50, Santa Cruz), and mouse 

monoclonal antibody against TuJ1 (1:100, Thermo). On the following day, the 

cells were incubated in fluorescence conjugated secondary antibodies for 90 

minutes. The secondary antibodies included Alexa Fluor 488 Goat Anti-Mouse 

IgG (H+L) Antibody (1:500, Life Technologies), Alexa Fluor 488 Donkey Anti-

Goat IgG (H+L) Antibody (1:300, Life Technologies), and Alexa Fluor 594 Goat 

Anti-Mouse IgG (H+L) Antibody (1:500, Life Technologies). Lastly, the cells were 
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stained with DAPI for 5 minutes. The cells were imaged using a Nikon 

fluorescent microscope.  

 

2.7 microRNA inhibitors 

miRZip-424 and miRZip-503 (System Biosciences) were secured to act as 

inhibitors of miR-322 (also called miR-424) and miR-503. The plasmids were 

packaged for lentiviral production as described in 2.1. E14 cells were infected 

with the lentiviruses individually and selected by 1ug/mL Puromycin 72 hrs after 

infection for 5 days to generate stable cell lines. The lentivirus produced from 

lentiviral scramble shRNA (Thermo Fisher) was used as control. The stable 

inhibitors and control infected E14 cell lines were used in differentiation 

experiments.  

 

2.8 Celf1 knockdown 

Lentivial Celf1 shRNA (Thermo Fisher) was secured to perform Celf1 knockdown. 

The plasmid was packaged for lentiviral production as described in 2.1. E14 cells 

were infected with the lentiviruses individually and selected by 1ug/mL 

Puromycin 72 hrs after infection for 5 days to generate stable cell lines. The 

lentivirus produced from lentiviral scramble shRNA (Thermo Fisher) was used as 

control. The Celf1 shRNA and scramble shRNA infected E14 cell lines were used 

in differentiation experiments. 
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2.9 Western Blots 

Cells were lysed with RIPA buffer (50mM Tris-HCl pH 8.0, 150 mM NaCl, 1% 

Nonidet –P40, 0.5% sodium deoxycholate, 0.1% SDS) containing protease 

inhibitor. Cell lysate concentration was then calculated and normalized protein 

samples were then applied to 4-12% Bis-Tris gels (Life Technologies) for 

electrophoresis. Following electrophoresis, the separated proteins were 

transferred onto nitrocellulose membranes. The membranes were blocked in 3% 

milk in PBST, and then incubated with primary antibodies at 4 ˚C overnight. The 

primary antibodies used were mouse monoclonal antibody against Celf1 (1:1000, 

Santa Cruz), mouse monoclonal antibody against FLAG (1:1000, Sigma), and 

goat monoclonal antibody against β-Actin conjugated with HRP (1:2000, Santa 

Cruz). On the following day, the membranes were incubated with HRP 

conjugated secondary antibodies for 90 minutes. The secondary antibody used 

was Rabbit Anti-Mouse IgG – HRP (1:2000, Life Technologies). 

Chemiluminescence reagents (Amersham Biosciences) were applied to the 

membranes for 5 minutes at room temperature. Lastly the membranes were 

exposed to film. β-actin was used as the internal control. 

 

2.10 Luciferase assay 

To construct luciferase assay vectors, we obtained cDNA samples from total 

RNA collected from E14 cells and constructed a cDNA library as the template for 

PCR amplification of predicted miR-322/503 target regions. cDNA samples were 
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obtained using SuperScript III Reverse Transcriptase (Invitrogen). We then 

performed PCR amplification with Phusion High-Fidelity DNA Polymerase (New 

England BioLabs) using the template cDNA library and the designed primers 

(Table4). This allowed us to amplify out the predicted miR-322/503 target regions 

on Celf1 mRNA. We ligated the amplified fragments into Promega’s pmirGLO 

vector using Clontech’s In-Fusion HD Cloning kit to generate luciferase assay 

plasmids. All plasmids were sequenced to confirm correct insertions. Luciferase 

assay were performed utilizing the Dual-Luciferase Reporter Assay System 

(Promega). Final firefly luciferase activities were normalized to Renilla luciferase 

activities. At least three biological replicates were performed for each condition, 

and then analyzed according to the student’s T-test.  
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Table 4. Primers used to produce luciferase assay clones. 

Clone Forward Primer Reverse Primer 
Luc1 GCTCGCTAGCCTCGAGAGCCA

AAACCCTCCTCAGAG 
CGACTCTAGACTCGAGAGCCA
GGTTTCCCCACACAG 

Luc2 GCTCGCTAGCCTCGAGTGGTC
TGAACACACTTGGAC 

CGACTCTAGACTCGAGCAGTAA
GTCCTGGTCTCCAAAC 

Luc3 GCTCGCTAGCCTCGAGGCAGA
TGTTTATGCCCTTTG 

CGACTCTAGACTCGAGGGCTG
CTCTGAGACAGTTAC 
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2.11 Whole mount in situ hybridization  

Whole mount in situ hybridization was performed as described previously.(145) 

Whole mount in situ hybridization against Celf1, Celf2, Celf4, and Celf6 was 

performed on E7.5, E8.5, E9.5, and E10.5 embryos. in situ probes of Celf1, Celf2, 

Celf4, and Celf6 were created using the primers and templates listed in the Table 

4. PCR amplification with Taq enzyme (Life Techonologies) for each target was 

performed and the resulting DNA was ligated into pGEMT-easy vector (Promega) 

according to manufacturer’s protocol. The produced plasmids were sequenced to 

be correct. The in situ probes of Celf1, Celf2, Celf4, and Celf6 were produced 

with the promoters and enzyme sites labeled on their corresponding plasmid 

maps. (Figure 1) 
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Table 5. Primers and templates used to make in situ probes of Celf1, Celf2, 

Celf4, and Celf6 

Gene  Forward Primer Reverse Primer PCR template 
CELF 1 GGGAAACCTTGCTGGTC

TAA 
GACATTCCCAAAGGGCATA
AAC 

3.1 FLAG CUGBP1 

CELF 2 CAGGGTGATGTTCTCTC
CATTT 

CGCCATACCTGAGAGCATT
T  

3.1 FLAG ETR3 

CELF 4 ATGTCTGGATGGAGCTG
TTTAG 

GAGTGAAGCAGAGGTGAG
AAG 

G4 Mouse Genome 

CELF 6 GGAAGCCCAGACTTACT
TTGT 

TCTCTCTCTCTCTCTCTCT
CTCT 

G4 Mouse Genome 
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Figure 1. The plasmids used for producing in situ probes of Celf1, Celf2, 
Celf4 and Celf6. The in situ probes of Celf1, Celf2, Celf4, and Celf6 were 
produced with the promoters and enzyme sites labeled on their corresponding 
plasmids. For example, Celf1 in situ probe was produced with SP6 promoter and 
ApaI site. Red arrows stand for the final probes. 
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2.12 Transgenic miR-322/503 promoter-LacZ embryo generation and 

Salmon gal staining 

The promoter region of miR-322/503 was determined by searching evolutionary 

conserved region on rvista.dcode.org website. We PCR amplified the promoter 

region with forward primer (5’-CGACGGTATCGATAAGCTCAAGATCATCC 

TCACCTACAAAACAAAATTGAG-3’) and reverse primer (5’-GGATCATC 

GCGAGCCATGGCCCAGTGGTCCGCAG-3’) from G4 mouse genome DNA. The 

resulting PCR fragment was ligated into HindIII and NcoI double cut Hsp68-LacZ 

vector using In-Fusion HD Cloning kit (Clontech). The plasmid was extracted with 

Maxi-Prep Kit (Qiagen), cut by XhoI and NotI, and applied onto 0.8% agarose gel 

for electrophoresis. The target 9810 bp band was cut and purified with QIAquick 

Gel Extraction Kit (Qiagen). The DNA was purified again with Elutip-d DNA 

purification minicolumn (Whatman). A pronuclear injection of the purified DNA 

was performed to generate transgenic embryos. 

 

Transgenic embryos were fixed for 15 minutes in the fixation buffer: 0.2% 

glutaraldehyde, 2% formalin, 5 mM EGTA, and 2 mM MgCl2 in 0.1 M phosphate 

buffer (pH 7.3). The embryos were then washed for 20 minutes three times with 

wash buffer (0.1% sodium deoxycholate, 0.2% IGEPAL, 2 mM MgCl2, and 0.1 M 

phosphate buffer (pH 7.3)). The embryos were stained at 37 ˚C with staining 

solution: 1 mg/ml Salmon gal and 0.4 mM TNBT wash buffer. The staining was 

checked every 10 minutes and stopped at proper time to avoid over staining.(146)  



41 
 

2.13 RNA decay assay 

ES cell differentiaiton was performed as described in 2.1. 10 µg/mL actinomycin 

d (Sigma) was added at 120 hours past differentiation. Total RNA samples were 

collected at 0, 2.5, 8 and 12 hours after the addition of actinomycin d. RT-qPCR 

was performed on the total RNA samples. All relative expression levels were 

normalized to their corresponding 0 hour relative expression levels.  
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3 RESULTS 

3.1 miR-322/503 displayed the highest cardiac-driving potential 

3.1.1 miR-322 and miR-503 were the top enriched microRNAs in Mesp1 positive 

progenitor cells. 

 

Mesp1 is a pivotal cardiac mesoderm marker, which promotes the expressions of 

many cardiac lineage transcription factors, including Tbx5, Mef2C, and Nkx2-

5.(52) Therefore, microRNAs enriched in Mesp1 positive cells are likely to 

promote cardiac differentiation. In order to discover microRNAs that promote 

cardiac differentiation, we performed screening on the miRNAs that were 

enriched in Mesp1 positive cells. Mesp1 lineage tracing cell line -- Mesp1 cre/+/ 

ROSA EYFP/+ ESC was used to label Mesp1 ever expressing cells, which were 

then separated from the whole population. While Mesp1 was expressed, Cre 

would also be expressed. Cre then cut off one LoxP and Stop, allowing 

expression of EYFP. Totally, cell showed constant green fluorescence if Mesp1 

was ever expressed (Figure 2A). The Mesp1 lineage-tracing cells were also 

verified in E9 mouse embryos. The area of the E9 embryos presenting green 

fluorescence was understood to be descended from Mesp1 positive cells. (Figure 

2B) After 3 days hanging drop differentiation, Mesp1 cre/+/ ROSA EYFP/+ ESCs 

were subjected to FACS sorting for GFP positive cells, resulting in obtaining 

Mesp1 positive and negative cells from the differentiating cell population (Figure 
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2B). Through RNA sequencing on the total RNAs extracted from FACS sorted 

Mesp1 positive and negative cells, we generated a list of microRNAs that were 

enriched in Mesp1 positive cells. The top 20 enriched microRNAs are shown in 

Figure 2C. In the list, miR-322 and miR-503 were the top two enriched 

microRNAs in Mesp1 positive cells. After consideration of enrichment level, 

degree of conservation between species, and whether they function as clusters 

or singles, 23 microRNA overexpression clones were constructed in pll3.8 vector. 

These vectors included 11 cluster clones and 12 single clones, to be used in 

cardiac-driving screening. 
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Figure 2.  miR-322 and miR-503 were the top enriched microRNAs in Mesp1 
positive progenitor cells.(A) Schematic diagram of Mesp1 lineage tracing cell line – 
Mesp1 cre/+/ Rosa EYFP/+ ESCs. Mesp1 positive cells showed green fluorescence; 
Mesp1 negative cells showed no fluorescence. (B) Mesp1 positive cells showed EYFP 
fluorescence with the reporter cell line. In the left panel, Mesp1 ever expressed cells in 
E9 embryo were EYFP positive. In the right panel, Mesp1 positive and negative cells 
were separated by FACS sorting. The cells in the right corner were Mesp1 positive cells. 
(C) Top 20 microRNAs enriched in Mesp1 positive cells. All microRNA expressions were 
normalized to their corresponding expressions in Mesp1 negative cells.  
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3.1.2 miR-322/503 cluster showed the highest cardiac differentiation promoting 

potential in screening 

 

In the screening process for cardiac-driving mRNAs, E14 cells were subcultured 

into collage IV-coated 96-well glass bottom plates for monolayer differentiation as 

described above. Various microRNA overexpressing lentiviruses were added into 

each well to test the cardiac differentiation driving potential of the corresponding 

microRNAs. At day 5, a calcium dye, Fluo4, was added to each well in the 96-

well plate. The plate was then inspected with a Vala microscope to measure the 

calcium flux activities of each well. Calcium flux activity was used as an indicator 

of cardiac differentiation. (Figure 3A) Here we defined four levels of calcium flux 

activity to represent four various levels of cardiac differentiation: “+++” for more 

than 3 peaks after one pulse and be consistent; “++” for 1~3 peaks after one 

pulse and be consistent; “+” for 1~3 peaks after one pulse and be inconsistent; 

and “-” for no observed peaks after one pulse. In the screening at differentiation 

day 5, miR-322/503 cluster and miR-17/92 cluster were “+++”; 8 clones were “++”; 

6 clones were “+”; and 1 clone and the control were “-”. (Figure 3B) 16 out of 17 

clones showed cardiac-driving potential, indicating that the majority of 

microRNAs enriched in Mesp1 positive progenitor cells might potentially promote 

cardiac differentiation. miR-17/92 cluster were reported to be a cardiac facilitating 

microRNA cluster (134). Since the miR-322/503 cluster induced an identical 
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calcium activity level as miR-17/92 cluster, the miR-322/503 cluster is potentially 

another cardiac-driving microRNA cluster. (Figure 3C)  
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Figure 3. miR-322/503 displayed the highest cardiac differentiation promoting 
potential. (A) Schematic map of cardiac driving screening. (B) The calcium flux 
activities of differentiated E14 cells that were treated with various microRNA 
overexpression lentiviruses at day 5. +++: >3 peaks and consistent; ++: 1~3 peaks and 
consistent; +: 1~3 peaks and inconsistent; -: no peaks. (C) Calcium flux patterns of 
control and miR-322/503 cluster at differentiation day 5.  
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3.1.3 Expression pattern of miR-322/503 in mouse embryos 

 

After discovering that miR-322/503 had the highest potential in driving cardiac 

differentiation, we studied the expression pattern of miR-322/503 in murine 

embryos. The miR-322/503 cluster, consisting of miR-322 and miR-503, is 

located on the murine X chromosome. Expressions of miR-322 and miR-503 are 

regulated by the same promoter region, which is located upstream of miR-322 

and miR-503 on the chromosome through evolutionary conservation study. In 

order to study where miR-322/503 was expressed in murine embryo 

development, we constructed a LacZ promoter controlled by the miR-322/503 

promoter. After injection of miR-322/503 promoter-LacZ into mouse embryos, we 

harvested E8.5 stage transgenic miR-322/503 promoter-LacZ embryos. Through 

salmon gal staining and genotyping of the E8.5 embryos, we obtained stained 

embryos of both transgenic LacZ positive and negative groups. After comparing 

LacZ positive to negative embryos, we observed that miR-322/503 was highly 

enriched in the heart and somites. (Figure 4A) As to E15.5 embryos, we 

dissected the embryos to harvest various tissues. We then extracted total RNA 

from those tissues and performed RT-qPCR on the RNA samples to detect miR-

322 and miR-503 expressions in different tissues. We found that miR-322 and 

miR-503 were highly enriched in heart and tongue. (Figure 4B) To conclude, 

miR-322/503 was enriched in heart and skeletal muscle during murine embryo 

development.   
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Figure 4. Expression pattern of miR-322/503 in mouse embryos. (A) Salmon 
gal staining of transgenic miR-322/503 promoter-LacZ embryos. The upper two 
panels showed the stained LacZ-negative genotyping embryos; the lower two 
panels showed the stained LacZ-positive genotyping embryo. The embryos were 
E8.5 littermates. (B) RT-qPCR of miR-322 and miR-503 in various tissues of 
E15.5 embryos. Expression levels were related to 18s rRNA.  
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3.1.4 Expression pattern of miR-322/503 during ES differentiation 

 

Monolayer differentiation was performed on wild type E14 cells. Through RT-

qPCR on the total RNAs extracted from cells collected at differentiation days 2, 3, 

4, 5, 6, and 8, we observed the expression pattern of miR-322/503 during wild 

type E14 cell differentiation. From differentiation start point to differentiation day 3, 

both miR-322 and miR-503 maintained almost undetectable expression levels. 

The expression of both microRNAs steadily increased from day 3 until it reached 

peak expression levels at day 5. Following day 5, the expression of both 

microRNAs returned to similar values as their initial levels. (Figure 5) As 

previously stated, miR-322 and miR-503 were the top two enriched microRNAs in 

Mesp1 positive progenitor cells. Mesp1 was reported to display peak around day 

3~4 (147). Therefore, the expression patterns of miR-322 and miR-503 were 

identical to Mesp1 expression during differentiation, but the changes in 

expressions of miR-322 and miR-503 were delayed when compared to Mesp1. 

As expressions of miR-322 and miR-503 initially increased at differentiation day 3, 

an inducible overexpression system was applied to allow induction of 

overexpression at day 3 to study the “gain-of-function” effects of miR-322/503. 
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Figure 5. Expression patterns of miR-322 and miR-503 during wild type E14 
differentiation. RT-qPCR was performed on total RNA samples extracted from 
wild type E14 differentiation day 2, 3, 4, 5, 6 and 8 cells. Expression levels are 
related to 18s rRNA. 
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3.2 Ectopic miR-322/503 expression promoted cardiac differentiation 

3.2.1 Inducible ectopic miR-322/503 expression cell line 

 

In wild type E14 differentiation, both miR-322 and miR-503 started to rise at day 

3 and reached peak expression level at day 5. This indicates that miR-322 and 

miR-503 potentially have significant function starting from day 3 in E14 

differentiation. Therefore, we would like to induce ectopic expressions of miR-322 

and miR-503 from day 3. This allowed us to mimic the wild type expression 

patterns of both microRNAs. As miR-322 and miR-503 form the miR-322/503 

cluster and are regulated by the same promoter, they were studied in tandem. 

Here, we used an inducible miR-322/503 overexpression E14 cell line – E14/ 

Tet-On Advanced/ pLVX-miR-322/503 cell to perform monolayer differentiation. 

Doxycycline was added from day 3 to induce ectopic miR-322/503 

overexpression. The differentiation lasted for 8 days. (Figure 6A) To confirm 

doxycycline induced ectopic expression of miR-322/503, we treated cells with1 

ug/mL doxycycline for 24 hours, extracted total RNA from the cells and 

performed RT-qPCR to test the expression levels of miR-322 and miR-503 with 

and without doxycycline treatment. In comparison to non-treated group, 

expression levels of both miR-322 and miR-503 increased over 10-fold. (Figure 

6B) Thus, ectopic miR-322/503 expression could be induced by doxycycline 

treatment on E14/ Tet-On Advanced/ pLVX-miR-322/503 cells.  
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Figure 6. Inducible ectopic miR-322/503 expression cell line. (A) Schematic 
diagram of monolayer differentiation of E14/ Tet-On Advanced/ pLVX-miR-
322/503 cells. Doxycycline treatment started from differentiation day 3. (B) 
Verification of inductions of miR-322 and miR-503 with doxycycline treatment on 
E14/ Tet-On Advanced/ pLVX-miR-322/503 cells. RT-qPCR of miR-322 and miR-
503 was performed on the total RNAs extracted from the cells treated with 
doxycycline for 24 hours and non-treated cells. Expression levels were related to 
18s rRNA. *: p<0.05 in t-test. 
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3.2.2 Ectopic miR-322/503 expression promoted cardiac differentiation 

 

E14/ Tet-On Advanced/ pLVX-miR-322/503 cells were used for monolayer 

differentiation as described in the Figure 6A. These cells were then 

supplemented with doxycycline to induce ectopic expression of miR-322/503 

from differentiation day 3 onward. Through RT-qPCR on the total collected RNAs 

collected during differentiation, we observed that levels of pluripotency markers 

(Oct4 and Sox2) and mesoderm markers (Eomes, T, Gsc and Mesp1) were not 

affected by doxycycline treatment. However, cardiac factors (Tbx5, Mef2C, Nkx2-

5 and α-MHC) showed significant increases following doxycycline treatment. 

(Figure 7A) At differentiation day 6.5, we observed spontaneous beating and 

sarcomeric α-Actinin expression in doxycycline-treated cells, but we were unable 

to find similar instances in the control group. (Fig. 7A, 7B) Therefore, ectopic 

miR-322/503 expression significantly enhanced cardiac differentiation and 

induced precocious beating, but had no effect on pluripotency stage and 

mesoderm formation. 
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Figure 7. Ectopic miR-322/503 expression promoted cardiac differentiation. 
(A) RT-qPCR of Oct4, Sox2, Eomes, T, Gsc, Mesp1, Tbx5, Mef2C, Nkx2-5 and 
α-MHC was performed on the total RNAs extracted from doxycycline-treated and 
non-treated monolayer differentiations of E14/ Tet-On Advanced/ pLVX-miR-
322/503 cells Doxycycline treatment started from differentiation day 3. 
Expression levels were related to GAPDH. *: p<0.05 in t-test. (B) Immunostaining 
of α-Actinin at differentiation day 6.5. α-Actinin in green; DAPI in blue.  
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3.2.3 Effect of ectopic miR-322/503 expression on other lineage specifications 

 

In order to test whether ectopic miR-322/503 expression affected differentiations 

of lineages besides the cardiomyocyte lineage, we performed RT-qPCR to test 

expression changes of other lineage makers during differentiation as described in 

Figure 6A. These lineages included skeletal muscle, endothelia, endoderm and 

smooth muscle. For skeletal muscle, early skeletal muscle markers (Pax3 and 

Myf5) were significantly up-regulated following doxycycline treatment, whereas 

later skeletal markers (MyoG, MyoD and Myf6) displayed no signal in the RT-

qPCR of both doxycycline-treated and non-treated groups. (Figure 8A) This could 

be attributed to not favorable skeletal muscle differentiation conditions. Therefore, 

we discontinued the study of miR-322/503’s function on differentiation towards 

skeletal muscle. For endothelia lineage, endothelial markers (Flk1 and Pecam1) 

showed remarkable increase after doxycycline treatment. (Figure 8B) However, 

another endothelia marker, VE-cardherin displayed no significant change with 

miR-322/503 overexpression. (Figure 8C) For endodermal lineage, the endoderm 

marker, Sox17, also showed remarkable increase following doxycycline 

treatment. (Figure 8B) Finally, for smooth muscle lineage, smooth muscle 

markers (Acta2 and SM-actin) showed no significant changes. (Figure 8B, 8C)  
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Figure 8. Influence of ectopic miR-322/503 expression on skeletal muscle, 
endothelia, endoderm and smooth muscle specification. (A, B) RT-qPCR of 
Myf5, Pax3, Sox17, Flk1, Pecam1 and Acta2 was performed on the total RNAs 
extracted from doxycycline-treated and non-treated monolayer differentiations of 
E14/ Tet-On Advanced/ pLVX-miR-322/503 cells Doxycycline treatment started 
from differentiation day 3. Expression levels were related to GAPDH. *: p<0.05 in 
t-test. (C) Immunostaining of VE-Cardherin and SM-actin on doxycycline treated 
and non-treated groups at differentiation D7.5.   
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3.2.4 Microarray analysis of ectopic miR-322/503 expression’s effect on 

differentiation 

 

In order to study the transient effects of miR-322/503 overexpression on the 

specifications of all lineages, we performed microarray analysis on the total RNA 

extracted from differentiation day 4 cells of doxycycline-treated and non-treated 

groups. After microarray data come out, we did gene ontology (GO) analysis on 

the data. Genes involved in ectoderm specification were significantly down-

regulated. Genes involved in endoderm and mesoderm specifications were 

significantly up-regulated. Among all subgroups listed in Figure 9, neural 

differentiation related (ectoderm development, neural tube development), cardiac 

differentiation-related (heart development) and skeletal muscle-related (skeletal 

system development, striated muscle tissue development, skeletal muscle tissue/ 

organ development) subgroups were most promising. Previously, we had found 

miR-322/503 was highly enriched in heart and skeletal muscle, but relatively low 

expressed in the brain. In the gain-of-function assay, ectopic miR-322/503 

expression was shown to promote cardiac and skeletal muscle differentiation. 

These results agreed with the microarray results here. Meanwhile, we could 

make a hypothesis that ectopic miR-322/503 expression might inhibit neural 

differentiation. We also noticed that vascular formation related subgroups (blood 

vessel development, vasculature development) were both significantly up-

regulated and down-regulated. This indicates that some genes in these 
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subgroups were up-regulated and the rest were down-regulated. Thus, the 

function of miR-322/503 on vascular formation was bidirectional. (Figure 9)   
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Figure 9. Microarray analysis of ectopic miR-322/503 expression’s effect on 
differentiation. Microarray followed by GO analysis was performed on total RNA 
samples of differentiation day 4 cells of doxycycline-treated and non-trreated 
groups (doxycycline treatment was at day 3). Differentiation was performed as 
described in Figure 6A. Up and down arrows meant up-regulated and down-
regulated terms in doxycycline-treated group verse non-treated groups. Different 
colors stands for corresponding p-values.  
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3.3 Inhibitors of miR-322 and miR-503 blocked cardiac differentiation 

 

To study whether loss of miR-322/503 would cause defects in cardiac 

differentiation, we employed “miRZip” microRNA inhibitors against miR-322 and 

miR-503. Stable miR-322-inhibitor and miR-503-inhibitor transfected E14 cell 

lines were established, as well as a stable scramble transfected E14 cell line 

through lentiviral infection followed by puromycin selection. We performed 

monolayer differentiation with the three cell lines listed. Total RNAs was collected 

for RT-qPCR and cells were gathered for immunostaining at differentiation day 8. 

When staining for α-actinin, miR-322-inhibitor and miR-503-inhibitor groups 

showed a remarkable decrease in expression of α-actinin. (Figure 10A) Through 

RT-qPCR of cardiac factors (Nkx2-5, Tbx5, Mef2C, α-MHC), miR-322-inhibitor 

and miR-503-inhibitor groups showed significantly repressed expression levels of 

the cardiac factors. (Figure 10B) In conclusion, inhibitors of miR-322 and miR-

503 blocked cardiac differentiation.  
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Figure 10. Inhibitors of miR-322 and miR-503 blocked cardiac differentiation. 
Ctrl: scramble control; 322(-): miR-322-inhibitor; 503(-): miR-503-inhibitor. (A) 
Immunostaining of α-actinin on differentiation day 8 cells of Ctrl, 322(-) and 503(-) 
groups. Green stands for α-actinin; Blue stands for DAPI. (B) RT-qPCR of 
cardiac factors (Nkx2-5, Tbx5, Mef2C, α-MHC) on differentiation day 8 samples 
of Ctrl, 322(-) and 503(-). *: p<0.05 in t test.  
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3.4 Celf1 is a target of miR-322/503 cluster 

3.4.1 miR-322/503 repressed Celf1 expression 

 

We have shown that miR-322/503 is an important regulator in cardiac 

differentiation through cardiac driving screening, gain-of-function and loss-of-

function studies. We then attempted to determine how miR-322/503 regulated 

cardiac differentiation. By studying the microarray data of ectopic miR-322/503 

expression, we found that an interesting gene, CUG-binding Protein 1 (Celf1), 

was down-regulated by miR-322/503 induction (data not shown). Celf1 was 

reported to be closely related to myotonic dystrophy type1 (DM1), a disease that 

displayed remarkable skeletal muscle and some extent of heart defects (148). 

Putting those information and the important regulatory role of miR-322/503 in 

cardiac differentiation we just discovered together, we proposed a hypothetical 

pathway for how miR-322/503 regulates cardiac differentiation. We proposed that 

miR-322/503 potentially promotes cardiac differentiation by targeting Celf1, which 

might inhibit cardiac differentiation. We then tested Celf1 expression changes 

after miR-322/503 overexpression. By transfecting 293FT cells with pll3.8-miR-

322/503 plasmid, we identified dose-dependent decreases of endogenous Celf1 

expression with increases of pll3.8-miR-322/503 plasmid amount transfected. 

(Figure 11A) E14/ Tet-On Advanced/ pLVX-miR-322/503 cells were used in 

inducible miR-322/503 overexpression studies to study the effect of ectopic miR-
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322/503 expression on differentiation. We found an obvious decrease of Celf1 

expression at differentiation day 4 following doxycycline treatment at day 3 in 

E14/ Tet-On Advanced/ pLVX-miR-322/503 cells in differentiation as described in 

Figure 6A. (Figure 11B)  
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Figure 11. miR-322/503 repressed Celf1 expression. (A) Western blots test of 
Celf1 in 293FT cells transfected with increasing amount pll3.8-miR-322/503 
plasmid. Among all groups, total plasmid amount transfected were maintained 
the same and the differences of pll3.8-miR-322/503 were compensated by pll3.8 
vector. “-” stands for original pll3.8 vector transfection. (B) Western blots test of 
Celf1 in doxycycline-treated and non-treated differentiation day 4 E14/ Tet-On 
Advanced/ pLVX-miR-322/503 cells. Doxycycline treatment and differentiation 
process were described in figure 6A. β-actin is used as internal control. 
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3.4.2 miR-322/503 verse Celf1 in various tissues  

 

After confirming miR-322/503 repressed Celf1 in vitro, we attempted to study 

whether the same reverse correlation between miR-322/503 and Celf1 was 

observed in vivo. We performed RT-qPCR of miR-322, miR-503, and Celf1 on 

total RNAs from tongue, stomach, brain, liver, heart, kidney, lung, and bladder of 

E15.5 mouse embryos. After the relative levels of miR-322, miR-503, and Celf1 

were established, we introduced two formulas –Log(miR-322/Celf1) and 

Log(miR-503/Celf1) to display the correlation between miR-322 and miR-503 

verses Celf1 in various tissues. According to these two formulas, miR-322 or 

miR-503 was enriched and Celf1 was expressed at low levels if values were 

positive; miR-322 or miR-503 was expressed at low levels and Celf1 was 

enriched if values were negative. After plotting the results as bar graphs, we 

easily established that tongue and heart for both graphs were consistently found 

to be the most positive, while the brain was consistently found to be the most 

negative. Thus, miR-322 and miR-503 were highly enriched in tongue and heart 

but expressed at low levels in brain, matching Figure 4B. Conversely, Celf1 was 

enriched in the brain but expressed at low values in the tongue and heart. (Figure 

12) 
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Figure 12. miR-322/503 verse Celf1 in various tissues. RT-qPCR of miR-322, 
miR-503 and Celf1 was performed on total RNAs extracted from various tissues 
of E15.5 embryos. Expression levels of miR-322 and miR-503 were related to 
18s rRNA; expression levels of Cefl1 was related to Gapdh. Log(miR-322/Celf1) 
or Log(miR-503/Celf1) were used to show correlations between of miR-322 or 
miR-503 and Celf1. 
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3.4.3 miR-322/503 verse Celf1 during wild type ES differentiation 

 

We studied the expression pattern of Celf1 during wild type ES differentiation, 

through execution of RT-qPCR on total RNAs collected. Celf1 expression levels 

were consistently high and stable until differentiation day 4. Celf1 expression 

initially decreased at differentiation day 4 and reached  its lowest levels at 

differentiation day 6. After day 6, Celf1 expression started to increase again, and 

reached relatively high levels at day 8. Concurrently, miR-322 and miR-503 

levels displayed inverse patterns. miR-322 and miR-503 started to increase at 

day 3 and reached peak expression levels at day 5. Following day 5, their 

expressions returned to relatively low levels. (Figure 13) Therefore, Celf1 

displayed a reverse pattern when compared to miR-322 and miR-503; Celf1 

expression changes were on a one-day delay compared to expression changes 

of miR-322 and miR-503. 
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Figure 13. miR-322/503 verse Celf1 during wild type ES differentiation. RT-
qPCR of miR-322. miR-503 and Celf1 during wild type E14 differentiation. 
Expression levels of miR-322 and miR-503 were related to 18s rRNA; expression 
level of Cefl1 was related to GAPDH. 

  



70 
 

3.4.4 Celf1 is proven to be a miR-322/503 target by luciferase assay 

 

We found that Celf1 expression was repressed by miR-322/503 in 293FT cells 

and E14 cells and that Celf1 displayed the reverse pattern compared to miR-

322/503 in E15.5 mouse embryo tissues and wild type E14 cell differentiation. In 

order to prove that Celf1 was a true target of miR-322/503, we performed a 

luciferase assay. We employed the RNA-22 program to predict potential target 

sites of miR-322/503 on Celf1 mRNA. Six predicted sites for miR-322 and three 

predicted sites for miR-503 were found on Celf1 mRNA. (Figure 14A, 14B) We 

then copied 3 regions of Celf1 mRNA into pmirGLO vector to construct the 

luciferase vectors: Luc1 (including site 678, 919), Luc2 (including site 1401, 1499, 

1500, 1559, 1560), Luc3 (including site 2122, 2123). (Figure 14A) We also 

discovered that miR-322 and miR-503 had nearly identical seed sequences, with 

only one nucleotide difference. (Figure 14B) That could cause miR-322 and miR-

503 to share many target sites. By co-transfecting the luciferase vectors with 

pll3.8-miR322/503 or blank pll3.8 plamid, we found that miR-322/503 targeted 

Celf1 mRNA at site 2123 (2122). In conclusion, Celf1 was a target of miR-

322/503; the target site was 2123 (2122) on Celf1 mRNA. (Figure 14C) 
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Figure 14. Celf1 was proven to be a miR-322/503 target. (A, B) Schematic 
diagram of predicted miR-322/503 sites on Cel1 mRNA and the regions that were 
cloned into pmirGLO luciferase vector for luciferase assay. There were 6 
predicted sites for miR-322 and 3 predicted sites for miR-503 on Celf1 mRNA. 
The regions copied for luciferase assay were Luc1 (including site 678, 919), Luc2 
(including site 1401, 1499, 1500, 1559, 1560) and Luc3 (including site 2122, 
2123). (C) Luciferase assay of Luc1, Luc2 or Luc3 contained luciferase vectors 
with co-transfection of pll3.8-miR-322/503 or blank pll3.8 plasmid. Firefly activity 
was normalized to Renilla acitivity. *: p<0.05 in t–test..  
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3.4.5 Celf family expression patterns during embryo development 

 

After confirming that Celf1 was targeted by miR-322/503, we studied the 

expression patterns of Celf1 during murine embryo development. As Celf1 

belongs to the Celf family, we performed in situ hybridization assays of Celf1, 

Celf2, Celf4 and Celf6 on E7.5, E8.5, E9.5, and E10.5 embryos. As to E15.5 

embryos, we performed RT-qPCR test of Celf1, Celf2, Celf4, and Celf6 on total 

RNAs of various tissues. In E7.5 embryos, we identified the expressions of Celf1, 

Celf2, and Celf4, indicating potential functions for the Celf family in early embryo 

development. From E7.5 to E10.5, all four Celf members were expressed and 

finally enriched in neural parts, especially the brain, but the least expressed in 

the heart region. (Figure 15A) In E15.5 embryos, the four Celf members 

displayed the highest expressions in brain and the lowest in heart and tongue. 

(Figure 15B) In conclusion, Celf1, Celf2, Celf4, and Celf6 were highly enriched in 

neural parts and the lowest expressed in the heart and tongue during murine 

embryo development. This finding indicated the four Celf members might 

promote neural differentiation and inhibit heart differentiation.  
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Figure 15. Celf family expression patterns during embryo development. (A) 
In situ hybridization assays of Celf1, Celf2, Celf4, and Celf6 on E7.5, E8.5, E9.5, 
and E10.5 mouse embryos. (B) RT-qPCR of Celf1, Celf2, Celf4, and Celf6 on 
total RNAs extracted from various tissues of E15.5 mouse embryos.  
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3.5 Celf1 knockdown mimicked the function of ectopic miR-322/503 

expression on differentiation 

 

It was previously shown that ectopic miR-322/503 expression promoted cardiac 

differentiation and Celf1 was a shared target of miR-322 and miR-503. It was 

logical for us to then hypothesize that Celf1 knockdown would mimic the function 

of ectopic miR-322/503 expression on differentiation, promoting cardiac 

differentiation. We first constructed E14 Celf1 knockdown (Celf1-KD) cell line 

with Celf1-shRNA and verified Celf1 knockdown through Western blots. (Figure 

16A) Next we did monolayer differentiation with Celf1-KD and scramble shRNA 

transfected E14 cells, collected total RNA samples durinig differentiation and 

performed RT-qPCR for several differentiation makers. Pluripotency markers 

(Oct4 and Sox2) and mesoderm markers (Eomes, T, Gsc, and Mesp1) displayed 

identical expression patterns between Celf1-KD and scramble shRNA groups. 

Cardiac factors (Tbx5, Mef2C, Nkx2-5, and α-MHC) showed significant increases 

in the Celf1-KD group. (Figure 16B) Moreover, the expression patterns of the 

cardiac markers in the Celf1-KD group were identical to their expression patterns 

in the ectopic miR-322/503 expression group. (Figure 7A) Therefore, Celf1 

knockdown mimicked the function of ectopic miR-322/503 expression on 

differentiation; miR-322/503 promoted cardiac differentiation by targeting Celf1.  
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Figure 16. Celf1 knockdown mimicked the function of ectopic miR-322/503 
expression on differentiation. (A) Western blots verification of Celf1 
knockdown. Celf1-shRNA was used for constructing E14 Celf1 knockdown cell 
line; scramble shRNA is used for constructing E14 control cell line. β -actin was 
used as internal control for Western blots. (B) RT-qPCR of pluripotency markers 
(Oct4 and Sox2), mesoderm markers (Eomes, T, Gsc and Mesp1) and cardiac 
factors (Tbx5, Mef2C, Nkx2-5 and α-MHC) during differentiations of E14 Celf1 
knockdown and E14 scramble shRNA cells. *: p < 0.05 in t-test.  



76 
 

3.6 Ectopic Celf1 expression inhibited cardiac and promoted neural 

differentiation 

3.6.1 Inducible Celf1 overexpression ES cell line 

 

In order to make Celf1 overexpression time controllable, we constructed E14 

/Tet-On Advanced/ pLVX-FLAG-Celf1 Cell line (FLAG was fused to the N-

terminus of Celf1). FLAG-Celf1 was induced with doxycycline treatement on E14 

/Tet-On Advanced/ pLVX-FLAG-Celf1 Cells. (Figure 17A) We then performed 

monolayer differentiation of E14 /Tet-On Advanced/ pLVX-FLAG-Celf1 Cells and 

divided the resulting cells into 6 groups: non-treated, doxycycline treatment from 

day 0, doxycycline treatment from day1, doxycycline treatment from day 2, 

doxycycline treatment from day 3, and doxycycline treatment from day 4. We 

performed RT-qPCR of Nkx2-5, Sox1, Pax6, and Nestin on the differentiation day 

8 samples of the above six groups. In the group of doxycycline treatment from 

day 4, cardiac factor (Nkx2-5) was the most significantly repressed and early 

neural factors (Sox1, Pax6, Nestin) were the most significantly enhanced. (Figure 

17B, 17C) Previously, we have shown that Celf1 was the highly enriched in 

neural parts and the lowest expressed in the heart. Celf1 levels initially 

decreased at differentiation day 4 in wild type E14 differentiation. Therefore, 

inducing Celf1 overexpression at day 4 reversed the expression pattern in wild 

type E14 differentiation; Celf1 overexpression inhibited cardiac and promoted 
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neural differentiation. In our following studies of ectopic Celf1 expression, we 

performed monolayer differentiation of E14 /Tet-On Advanced/ pLVX-FLAG-Celf1 

Cells and gave doxycycline treatment from differentiation day 4. (Figure 17D) 
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Figure 17. Inducible Celf1 overexpression cell line. We constructed E14 /Tet-
On Advanced/ pLVX-FLAG-Celf1 Cell line as inducible Celf1 overexperssion cell 
line. (A) Western blots verification of inducible Celf1 overexpression cells. FLAG 
was fused to the N-terminus of Celf1. β-actin was used as internal control. (B, C) 
RT-qPCR of Nkx2-5, Sox1, Pax6, and Nestin was performed on differentiation 
day 8 samples of the inducible Celf1 overexpression cells. Doxycycline treatment 
start time varied from day 0 to day 4. Untreated group served as negative control. 
Expression levels were related to GAPDH. (D) Schematic diagram of monolayer 
differentiation process in the following studies of Celf1 overexpression function.   
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3.6.2 Ectopic Celf1 expression inhibited cardiac differentiation 

 

We performed monolayer differentiation of E14 /Tet-On Advanced/ pLVX-FLAG-

Celf1 cells and induced ectopic Celf1 expression by doxycycline treatment from 

day 4. We collected total RNA samples during differentiation and prepared 

differentiation day 8 cells for immunostaining. By immunostaining for α-actinin, 

we found remarkable decreases in α-actinin expression after doxycycline 

treatment. (Figure 18A) During differentiation, pluripotency markers (Oct4, Sox2) 

and cardiac mesoderm marker (Mesp1) were not significantly affected following 

the induction of Celf1 overexpression from differentiation day 4. However, 

cardiac factors (Tbx5, Mef2C, Nkx2-5, α-MHC) were significantly repressed with 

Celf1 overexpression. (Figure 18B) Therefore, Celf1 inhibited cardiac 

differentiation without affecting pluriopotency stage and mesoderm formation. 
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Figure 18. Ectopic Celf1 expression inhibited cardiac differentiation. We 
performed monolayer differentiation of E14 /Tet-On Advanced/ pLVX-FLAG-Celf1 
cells with activin supplement and induced ectopic Celf1 expression with 
doxycycline treatment from differentiation day 4. (A) Immunostaing of α-actinin 
was performed on differentiation day 8 cells. (B) RT-qPCR of Oct4, Sox2, Mesp1, 
Tbx5, Mef2C, Nkx2-5, and α-MHC was performed on total RNAs during the 
differentiation. *: p<0.05 in t-test. 
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3.6.3 Ectopic Celf1 expression promoted neural differentiation 

 

In order to study whether ectopic Celf1 overexpression affects neural 

differentiation, we performed monolayer differentiation of E14 /Tet-On Advanced/ 

pLVX-FLAG-Celf1 cells with SB431542 and FGF2 supplements and induced 

ectopic Celf1 expression by doxycycline treatment from day 4. We then collected 

total RNA samples during the differentiation process for RT-qPCR. Cells were 

collected at differentiation day 8.5 for immunostaining. By immunostaining for 

TuJ1, we found remarkable increases in mature TuJ1 expression following 

doxycycline treatment, whereas little expression of immature TuJ1 expression 

was found in non-treated group (Figure 19A) During differentiation, three neural 

factors (Notch3, Sox1, and Pax6) displayed remarkable increase after Celf1 

overexpression, while nestin did not show significant change (Figure 19B) Nestin 

is reported to function in both neural differentiation and regeneration of damaged 

muscle (149) and Celf1 might affect both processes to diminish Nestin change. 

Therefore, ectopic Celf1 expression promoted neural differentiation.  
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Figure 19. Ectopic Celf1 expression promoted neural differentiation. We 
performed monolayer differentiation of E14 /Tet-On Advanced/ pLVX-FLAG-Celf1 
cells with medium containing SB431542 and FGF2 supplements and induced 
ectopic Celf1 expression by doxycycline treatment from day 4. (A) Immunostaing 
of TuJ1 was performed on differentiation day 8.5 cells. (B) RT-qPCR of Notch3, 
Sox1, Nestin, and Pax6 was performed on total RNAs during the differentiation. *: 
p<0.05 in t-test. 
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3.6.4 Celf1 promoted mRNA decay of several cardiac factors 

 

Celf1, as an mRNA binding protein, was reported to have two functions: one was 

regulating mRNA alternative splicing (150); the other was facilitating mRNA 

decay (151). for mRNA decay, the concensus sequences of Celf1 to mRNA 

3’UTR are the GRE sequence (UGUUUGUUUGU) and GU-repeat sequence 

(UGUGUGUGUGU) (152). We executed a bioinformatics study to search for 

mRNAs with the two listed concensus sequences in their 3’UTRs. In the 

parameters for the bioinformatics search, we allowed, at most, 2 mismatches. 

Among the mRNAs containing either of the two consensus sequences, we 

selected several cardiac differentiation related genes for mRNA decay assay. In 

the mRNA decay assay, we performed monolayer differentiation of E14 /Tet-On 

Advanced/ pLVX-FLAG-Celf1 cells with activin supplement, induced ectopic 

Celf1 expression with doxycycline treatment from differentiation day 4, added 10 

ug/mL Actinomycin D at day 5 and collected total RNAs at 0 hours, 2.5 hours, 8 

hours, and 12 hours post-actinomycin D treatment. The control group followed 

the same procedure excluding doxycycline treatment. After RT-qPCR, relative 

expression levels were all normalized to their corresponding 0 hour levels. We 

found that the decay of Wnt5A, Myocd, and Hdac5 mRNAs were remarkably 

promoted with Celf1 overexpression, while Tbx3 was not significantly affected. 

(Figure 20) In conclusion, ectopic Celf1 expression promoted mRNA decay of 

several cardiac factors, which thereby inhibited cardiac differentiation.  
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Figure 20. Celf1 promoted mRNA decay of several cardiac factors. mRNA 
decay assay was performed on E14 /Tet-On Advanced/ pLVX-FLAG-Celf1 cells. 
RT-qPCR of Wnt5A, Myocd, Hdac5, and Tbx3 was performed on total RNAs 
collected in mRNA decay assay. Expression levels were related to GAPDH. 
Relative expression levels were then normalized to the genes’ 0 hour relative 
levels. 
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4 DISCUSSION AND CONCLUSION 

4.1 Discussion 

4.1.1 Cardiac-driving microRNA screening 

 

In this study, we performed screening of cardiac-driving microRNA to discover 

novel microRNAs that promoted cardiac differentiation. To perform the screening, 

we had to initially generate a microRNA list for screening. Presently, thousands 

of microRNAs have been discovered. It is unpractical for us to screen all 

microRNAs. To make the screening library small enough for screening, we 

generated a screening library of microRNAs enriched in Mesp1 positive 

progenitor cells. Mesp1 is a pivotal transcription factor and marker of cardiac 

mesoderm (52). Therefore, Mesp1 positive progenitor cells were also cells of 

cardiac mesoderm. It was straightforward for us to think that microRNAs enriched 

in cardiac mesoderm during development should facilitate cardiac differentiation. 

To discover the microRNAs enriched in Mesp1 positive progenitor cells, we used 

Mesp1 lineage tracing ES cells and separated Mesp1 positive and negative cells 

after 3 days differentiation by FACS sorting. Through RNA sequencing and 

comparing microRNA expressions between Mesp1 positive and negative cells, 

we were able to generate a list of microRNAs that were enriched in Mesp1 

positive cells. We constructed overexpression clones of enriched microRNAs in 

Mesp1 positive cells and performed cardiac-driving screening using the VALA 
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kinetic image cytometry microscope. With the microscope, we monitored calcium 

flux activities of E14 cells infected with each microRNA overexpression 

lentiviruses after 5 days differentiation. Calcium flux, as a phenotype of 

cardiomyocytes, was utilized as an indicator of cardiac differentiation. We 

introduced “+++”, “++”, “+” and “-” to mark calcium flux intensity from the highest 

to lowest as described in Figure 2B. From the results, we found miR-322/503 and 

miR-17/92 were labeled as “+++”. miR-17/92 were reported to be crucial in 

cardiac differentiation (134). miR-322/503 showed comparable calcium flux 

activity to miR-17/92, which suggested its potential role in cardiac differentiation. 

 

In published references, miR-322 and miR-503 were mainly described to regulate 

tumor growth and angiogenesis, which included smooth muscle and endothelia 

cell formations. In cancer, miR-322 and miR-503 were mostly described as tumor 

suppressor microRNAs. In hepotocarcinoma and breast cancer cells, miR-322 

and miR-503, induced by thyroid hormone receptors, repressed proliferation and 

invasion (153). In hepotocarcinoma, another paper showed that miR-322 

repressed cell migration and invasion at least partially by targeting c-Myb (154). 

In colon cancer, repression of miR-322/503 caused formation and activation of 

mTORC2, which promoted tumorgenesis and invasion (155). In hepatocellular 

carcinoma and gastric cancer cells, miR-322 and miR-503 repressed epithelial-to 

mesenchymal transition (EMT) (156, 157). However, miR-322-5p was up-

regulated in pancreatic cancer and promoted proliferation and invasion by 
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regulating ERK1/2 pathway (158). In angiogenesis, miR-322 and miR-503 mainly 

promoted smooth muscle and endothelia cell formations, but repressed their 

proliferations. miR-322 was induced after vascular injury (159). miR-322/503 

were downregulated in pulmonary arterial hypertension, and the ectopic miR-

322/503 expression ameliorated pulmonary arterial hypertension in vivo (160). 

miR-322 and miR-503 promoted muscle differentiation by targeting Cdc25A to 

induce G1 cell-cycle arrest (161), in which the expressions of miR-322 and miR-

503 are induced by TGFβ induction (162). miR-503 was remarkably up-regulated 

in endothelial cells of diabetes mellitus and limb ischemia and inhibited 

endothelial cells’s proliferation and migration (163). miR-322 inhibited the abilities 

of proliferation, migration and cord formation of endothelia cells in cell-

autonomous mode (164). The repression of miR-322 in the human dermal 

microvascular endothelia cells leads to up-regulated MEK1 or cyclin E1 and 

increased cell proliferation (165). In hypoxia conditions, miR-322 is up-regulated 

and promotes angiogenesis (166). In conclusions, miR-322 and miR-503 inhibit 

proliferation and promote further differentiation of endothelia and smooth muscle 

cells in most conditions. However, the functions of miR-322 and miR-503 in 

promoting cardiac differentiation were not reported.  

 

We then studied the miR-322/503 coding area on the genome. We found that 

miR-322 and miR-503 are located within the longest exon region of long non-

coding RNA (lncRNA) C430049B03Rik (Figure 21). By performing evolutionary 
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conservation study of their upstream region, we identified one 6.5 kb highly 

conserved promoter region shared by miR-322/503 and C430049B03Rik. This 

was used for constructing miR-322/503 promoter-LacZ reporter to test the 

expression of miR-322/503 in mouse embryos. In Figure 4A, we found that miR-

322/503 was highly enriched in the heart region of E8.5 murine embryos. As 

C430049B03Rik is regulated by the same promoter, C430049B03Rik may also 

be highly expressed at heart region during embryo development, suggesting that 

C430049B03Rik may also function in heart development. Although miR-322 and 

miR-503 are in the same transcript of C430049B03Rik and may be transcribed 

together with C430049B03Rik, how miR-322 and miR-503 are released from 

C430049B03Rik transcript is still unknown. In this project, we identified Celf1, a 

post-transcription regulator of both mRNA decay and alternative splicing, as a 

target of miR-322/503. It is possible that the release of miR-322 and miR-503 

from C430049B03Rik is a mRNA alternative splicing process and is regulated by 

Celf1 or other Celf family members; meanwhile, miR-322/503 might regulate 

mRNA alternative splicing process by targeting Celf1. That hypothesis needs to 

be verified through studying mRNA splicing patterns with ectopic miR-322/503 or 

Celf1 expression in differentiation.  

 

After studying sequences downstream of miR-322/503, we found that miR-542 is 

located roughly 4kb downstream of miR-322/503. In our screening, miR-542 was 

labeled as “++”, suggesting a role for miR-542 in cardiac differentiation. In 
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addition, miR-351, miR-450b, miR450-1 and miR-450-2 are all located within 5.5 

kb downstream of miR-322/503 as well. Those microRNAs were also enriched in 

Mesp1 positive progenitor cells. (Data not shown) Putting the above information 

together, the whole locus, including miR-322/503, miR-542, miR-351, miR-450b, 

miR450-1, miR-450-2, and C430049B03Rik, may be very important for cardiac 

differentiation and heart development. As the locus is on X chromosome, if we 

could find heart development defects with knockout or mutation of this locus, we 

might be able to explain why some heart diseases show incidence differences 

between male and female.   
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Figure 21. miR-322 and miR-503 on mouse genome. miR-322 and miR-503 
are located within the transcript of C430049B03Rik on X chromosome. Coding 
region of miR-322, miR-503, and C430049B03Rik are on the minus strand. Both 
miR-322 and miR-503 are highly conserved. Bar graph shows the conservation 
level among mammalian animals. ‘ChrX’ stands for chromosome X; ‘Mammal 
Cons’ stands for conservation level among mammalian animals. Red characters 
in sequences indicate the differences of corresponding sequences when 
compared to mouse sequences.  
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4.1.2 Effect of ectopic miR-322/503 expression on differentiation 

 

Our studies indicarted that miR-322/503 displayed the highest cardiac-driving 

potential in the screening. We next studied the effect of ectopic miR-322/503 

expression on differentiation. Since miR-322 and miR-503 are in a cluster and 

regulated by a shared promoter, we cloned the miR-322 and miR-503 coding 

regions together into an inducible overexpression vector and overexpressed 

them together. We found expressions of miR-322 and miR-503 along wild type 

E14 differentiation concurrently started to increase at differentiation day 3 and 

reached peaks at day 5. As most differentiation regulatory factors function 

properly at their suitable time frames and might function differently or even 

reversely when expressed at other time points, for example Wnts, we used the 

inducible miR-322/503 overexpression system and induced the overexpression 

with doxycycline treatment at day 3 to let miR-322/503 overexpress when it was 

highly expressed along wild type ES differentiation. As a result of ectopic miR-

322/503 expression, differentiation towards cardiac, skeletal, endothelia, and 

endoderm was enhanced, whereas smooth muscle differentiation was unaffected. 

By studying the gene expression pattern changes with microarray on the total 

RNAs collected at 24 hours after induction of miR-322/503 overexpression, we 

found a significant percentage of mesoderm and endoderm genes, especially 

cardiac and skeletal muscle-related genes, were significantly up-regulated, while 

ectoderm genes were significantly down-regulated, which suggested miR-
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322/503’s importance in promoting cardiac and skeletal muscle differentiation as 

well as inhibiting neural differentiation. 

 

After confirming that miR-322/503 promoted cardiac differentiation of ES cells, 

we speculated as to whether or not miR-322/503 could be applied into therapies 

against several heart diseases, for example heart failure. The underlying cause 

contributing to heart failure is cardiomyocytes lack of regenerative. Currently, 

interest in recent cell therapy techniques, which utilize induced cardiomyoctes to 

repair injured cardiomyocytes, is growing. miR-322/503’s function in driving 

cardiac differentiation lends itself as a potential therapeutic target for heart failure 

therapy. Moreover, we were also trying to deliver synthetic miR-322/503 directly 

into bodies to test if miR-322/503 could improve heart function and repair heart 

injury in heart failure.  

 

Apart from miR-322/503’s function in cardiac differentiation, we also noticed miR-

322/503’s function in neural differentiation. Following induction of miR-322/503 

overexpression at 24 hours, genes involved in ectoderm formation were 

significantly down-regulated. Therefore, miR-322/503 may inhibit neural 

differentiation. This conclusion concurs with the discovery of Celf1’s role in neural 

differentiation. Celf1 was proven to be a target of miR-322/503. We have 

discovered Celf1 promotes neural differentiation. It is possible that miR-322/503 

regulates neural differentiation through targeting Celf1.   
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4.1.3 Losses of miR-322 and miR-503 impair cardiac differentiation 

 

 After ascertaining that ectopic miR-322/503 expression promoted cardiac 

differentiation, we attempted to study whether loss of miR-322/503 would result 

in reduced cardiac differentiation. The initial challenge for us was to find an 

approach to repress miR-322/503 expression in ES cells. For protein-coding 

genes, people usually use shRNA or a recently discovered system, CRISPR, to 

do gene knockdown (KD) (167). In our study, it was unpractical for us to use both 

shRNA and CRISPR. The miR-322/503 cluster is located within the transcript of 

LncRNA C430049B03Rik. C430049B03Rik would be knockdown as well no 

matter we used either shRNA or CRISPR system to knockdown miR-322/503. As 

C430049B03Rik LncRNA’s function was not yet determined, we could not 

distinguish whether it is because of miR-322/503 knockdown or C430049B03Rik 

knockdown if there were some defects of differentiation by using shRNA or 

CRISPR for miR-322/503knockdown. Therefore, we had to find other approaches 

to repress miR-322/503. We then found two ways to achieve that purpose, which 

were miR sponges and “miRZip”. The mechanism for both miR sponges and 

miRZip was through absorbing corresponding microRNAs and reducing working 

microRNA concentrations. Finally, we chose lentiviral based miRZip for 

constructing stable miR-322 or miR-503 repressed ES cell lines – miRZip-322 ES 

cell line or miRZip-503 cell line. However, there were two pitfalls when using 

miRZip. First, we could just construct miRZip-322 ES cell line and miRZip-503 
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ES cell line separately but could not construct miRZip-322&miRZip-503 ES cell 

line, the cell line in which miR-322 and miR-503 were both repressed, since they 

had the same drug selection markers. Second, it was hard for us to verify 

whether miR-322/503 was repressed or not. As previously described, both miR 

sponges and miRZip obtain knockdown through absorbing microRNAs rather 

than degrading them. In other words, the functional single strand microRNA 

levels were lowered but total microRNA levels might not be affected by absorbing. 

Currently, RT-qPCR and northern blots were usually used for microRNA 

measurements. However, both RT-qPCR and northern blots detected the total 

amount of microRNA rather than functional single strand microRNA. We referred 

to miRZip’s company manual and found the only approach to check whether 

miRZip worked or not was to measure level changes of microRNA targeted 

genes. For our experiment, we need to check Celf1 level changes with miRZip-

322 or miRZip-503 transfection to verify the repression of miR-322 or miR-503.  

 

After studying the differentiation of miRZip-322 ES cells and miRZip-503 ES cells, 

we found remarkable repression of cardiac differentiation from both cell lines 

when compared to control group. This indicated that loss of miR-322/503 would 

impair cardiac differentiation. That led us to think whether knockout of miR-

322/503 would block heart development. We purchased miR-322/503 KO cells 

from Sanger Institute and generated miR-322/503 KO heterozygous female mice. 

We obtained one litter of mice from mating the miR-322/503 KO heterozygous 
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female mouse with a wild type male mouse. In the resulting litter, two male mice 

were homozygous knockout and one died at post-natal day 1 (P1). We dissected 

the mouse and found hypotrophy of the heart. (Data not shown) As the knockout 

is located on the X chromosome and potentially affect reproduction, the female 

mice failed to become pregnant following the initial pregnancy. Therefore, 

statistically significant numbers of homozygous null mice were unable to be 

collected to conclusively prove that miR-322/503 KO causes hypertrophy of the 

developing heart. To address this difficulty, we purchased miR-322/503 

conditional knockout (CKO) male mice from Jackson Lab. We are currently using 

the miR-322/503 CKO mice for loss of miR-322/503 in vivo study.  
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4.1.4 Celf1 as a direct target of miR-322/503 in regulating cardiac differentiation 

 

By studying the microarray data of ectopic miR-322/503 expression, we found 

that Celf1 was down-regulated by miR-322/503 induction. Celf1 was reported to 

be closely related to myotonic dystrophy type1 (DM1), a disease that displayed 

remarkable skeletal muscle and some extent of heart defects (148). We then 

used RNA22 to predict target sites of miR-322 and miR-503 on Celf1 mRNA. We 

happened to notice that miR-322 and miR-503 had highly identical seed 

sequences and most predicted target sites for miR-322 and miR-503 were the 

same. Through application of luciferase assays, we confirmed that miR-322/503 

targeted Celf1 at a predicted site on Celf1 mRNA 3’UTR, which was shared by 

miR-322 and miR-503. This result also partially explained why we studied miR-

322 and miR-503 together. The shared miR-322/503 target Celf1 was also 

confirmed by the inverse expression correlation between miR-322/503 and Celf1. 

In 293FT cells, Celf1 was repressed by miR-322/503 in a dose-dependent 

pattern; in E14 cells, Celf1 was down-regulated by the induction of miR-322/503 

overexpression. This finding agreed with a previously reported paper, which 

stated that miR-503 could drive Celf1 into processing bodies (P-bodies) to 

repress Celf1 (168). 

 

We then studied expression patterns of Celf1 during wild type E14 cells 

differentiation and murine embryo development. We then compared the patterns 
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of Celf1 expression levels to miR-322/503’s expression levels. During wild type 

E14 cells differentiation, Celf1 maintained a relatively high level for the first 4 

days. At day 4, Celf1 expression started to decrease and reached their lowest 

expression levels at day 6. Following day 6, Celf1 returned to relatively high 

expression levels. This expression pattern was opposite to the expression 

patterns of miR-322 and miR-503 but had a one-day delay, confirming miR-

322/503 targeting Celf1. During murine embryo development, Celf1 was finally 

enriched in neural parts and least expressed in heart, which was also opposite to 

miR-322/503’s expression patterns in murine embryos. Therefore, miR-322/503 

and Celf1 also displayed an inverse expression level correlation during mouse 

embryo development. 

 

Celf1’s expression pattern during wild type E14 cells differentiation was 

maintained at relatively high levels from day 0 to day 4, but needed to be down-

regulated from day 4 to day 6. Since Celf1 level was maintained relatively high at 

the early stage of differentiation, we hypothesize that Celf1 is necessary for 

pluripotency or mesoderm formation. While we were studying Celf1 knockdown’s 

effect on differentiation, we noticed delayed differentiation and weakened beating 

despite knockdown of Celf1 mostly reproduced the effect of miR-322/503 

overexpression on cardiac differentiation. Similarly, while studying Celf1 

overexpression, we noticed a weakened effect on cardiac and neural 

differentiation if overexpression of Celf1 was induced before day 4. From the 
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expression patterns of markers of the pluripotency (Oct4, Sox2) and mesoderm 

(T, Emos, Gsc, Mesp1), we could tell that differentiation process before day 4 

were pluripotent stage and mesoderm formation process. Thus, Celf1 may be 

important for pluripotency or mesoderm formation at early stages of 

differentiation. 

 

Celf1’s expression patterns during mouse embryo development provided us with 

the idea that Celf1 might promote neural differentiation and inhibit cardiac 

differentiation. In the developmental field, researchers prefer to study when and 

where genes were expressed and then propose hypotheses as to how the genes 

affected development. Here, we not only studied Celf1 but also other Celf family 

members. The four members of the Celf were all enriched in neural parts with 

expressions levels lowest in the heart, which indicated the possible roles Celf 

family members played in neural and cardiac differentiation. 
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4.1.5 Celf1 inhibits cardiac differentiation and promotes neural differentiation 

 

We used inducible Celf1 overexpression E14 cells to study the effect of Celf1 

overexpression on differentiation. By inducing Celf1 at different days, we found 

that Celf1 displayed the highest potential for inhibiting cardiac differentiation and 

promoting neural differentiation when Celf1 overexpression was induced from 

day 4. These findings agreed with the time point when Celf1 expression started 

to decrease during wild type E14 cells differentiation. These results indicate that 

the reduction of Celf1 expression during ES cell differentiation is potentially 

important in cardiac differentiation. We performed RT-qPCR and immunostaining 

to verify Celf1’s role in cardiac and neural differentiation. After induction of Celf1 

overexpression at day 4, cardiac differentiation was repressed and neural 

differentiation was promoted. 

 

We then attempted to study the mechanism through which Celf1 functioned. 

Celf1 has been reported to have two functions: one is facilitating mRNA decay; 

the other is regulating RNA alternative splicing. Here, we tested how Celf1 

regulated cardiac differentiation through mediation of mRNA decay. By 

bioinformatics study, we generated a list of predicted Celf1 mediated mRNA 

decay targets. We selected Wnt5a, Myocd, Hdac5, and Tbx3 for RNA decay 

assays and found mRNA decay speed of Wnt5a, Myocd, and Hdac5 were 

significantly increased while Tbx3 mRNA levels were unaffected with Celf1 



100 
 

overexpression. Therefore, Celf1 potentially inhibits cardiac differentiation 

through promoting mRNA decay of cardiac factors. We are also studying how 

Celf1 regulates differentiations of cardiac and neural through regulating RNA 

alternative splicing. As is known to all, most mRNAs have isoforms. Among 

isoforms, some are tissue specific (169, 170). Thus, we proposed that Celf1 

might facilitate the RNA alternative splicing process towards neural specific 

isoforms and inhibit the RNA alternative splicing process towards cardiac specific 

isoforms. In this way, Celf1 can inhibit cardiac differentiation and promote neural 

differentiation. In conclusion, Celf1 may inhibit cardiac differentiation and 

promote neural differentiation by promoting mRNA decay and regulating RNA 

alternative splicing.  

 

Excessive Celf1 expression has also been reported to promote myotonic 

dystrophy 1 (DM1) and cause defects in skeletal muscle, suggesting a function 

for Celf1 in skeletal muscle differentiation (148, 171). There are two types of DMs, 

DM1 and DM2. Celf1 functioned in DM1 but not in DM2, which is milder in 

symptoms than DM1 (172). DM1, a disease of muscular dystrophy, is caused by 

expanded poly (CTG) repeats at the 3’ UTR region of DM protein kinase (DMPK) 

gene. The RNA transcribed from the mutant DMPK gene caused muscleblind-like 

(MBNL) protein depletion and Celf1 expression increase. Both MBNL and Celf1 

are RNA alternative splicing regulatory factors. The loss of MBNL and increase of 

Celf1 in DM1 lead to dysregulated RNA alternative splicing and finally cause 
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neural and muscular defects. For example, the mRNA of myomesin 1 (MYOM1) 

did not include exon 17a in wild type 293T cells after splicing but included the 

exon 17a in expanded CUG repeat overexpressing 293T cells (173). The Celf1 

increase in DM1 was reported to be facilitated by PKC pathway involved 

hyperphosphorylation and the activation of PKC pathway was dependent on 

expanded CUG repeats at 3’UTR of DMPK gene (171). Knockout of Celf1 in 

DM1 mice did not correct splicing defects but lowered Celf1’s translational 

targets, MEF2A and C/EBPβ, which relieved the symptoms of DM1 (174). 

Another paper stated that the inhibition of Celf1 could correct Celf1-mediated 

dysregulated splicing but did not correct MBNL-mediated splicing defects (175). 

Moreover, skeletal muscle cells need correct synapse connections between them 

and their connecting neurons not only for skeletal muscle contraction but to 

support their growth. Abnormal synapse connections could lead to muscle 

atrophy (176). It was recently reported that the differentiation of DM1 stem cells 

gives rise to excessive neurite growth and abnormal synapse formation during 

stem cell differentiation (177). Thus, Celf1 might promote DM1 not only through 

inhibiting skeletal muscle differentiation but also by inducing abnormal formation 

of skeletal connecting neurons. As we have already shown that Celf1 is targeted 

by miR-322/503, we plan to apply miR-322/503 into the therapy against DM1.   
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4.2 Conclusion 

 

In order to discover novel microRNA involved cardiac differentiation regulatory 

pathway, we performed cardiac driving screening on the microRNAs enriched in 

Mesp1 positive progenitor cells. miR-322 and miR-503 were the top two enriched 

microRNAs in Mesp1 positive progenitor cells. In cardiac driving screening, miR-

322/503 induced the strongest calcium flux activity and precocious beating. After 

performing LacZ staining and RT-qPCR on murine embryos, we found that miR-

322/503 was highly enriched in heart and skeletal muscle during murine embryo 

development. With ectopic miR-322/503 expression in E14 cells, differentiation 

towards cardiac, skeletal muscle, endothelia, and endoderm were significantly 

enhanced. By microarray assays and GO analysis, genes involved in promoting 

ectoderm differentiation were significantly down-regulated and genes involved in 

promoting mesoderm and endoderm differentiation, especially heart and skeletal 

muscle, were significantly up-regulated with miR-322/503 overexpression. The 

microarray results not only proved that miR-322/503 promoted differentiations 

towards heart and skeletal muscle but also indicated the possible inhibitory 

function of miR-322/503 in neural differentiation. By treating E14 cells with 

inhibitors of miR-322 and miR-503, cardiac differentiation was remarkably 

inhibited, which suggested the necessity of miR-322/503 in cardiac differentiation. 

We then tried to find targets of miR-322/503 in regulating differentiation. Through 

studying references and doing bioinformatics research, we identified and focused 
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on Celf1. Celf1 expression was repressed with miR-322/503 overexpression in 

both 293FT cells and E14 cells. During wild type E14 cells differentiation and 

murine embryo development, Celf1 displayed an inverse correlation to miR-

322/503. Through luciferase assays, Celf1 was proved to be a miR-322/503 

target. Celf1 knockdown utilizing shRNA mimicked the function of ectopic miR-

322/503 expression, further proving that miR-322/503 promoted cardiac 

differentiation through repression of Celf1. Ectopic Celf1 expression inhibited 

cardiac differentiation and promoted neural differentiation, which agreed with 

Celf1’s expression pattern during murine embryo development. In conclusion, 

miR-322/503 promoted cardiac differentiation by targeting Celf1; Celf1 inhibited 

cardiac differentiation and promoted neural differentiation. (Figure 22) 
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Figure 22. Working model of miR-322/503 in regulating cardiac and neural 
differentiations. As the microRNA(s) that displayed the highest cardiac driving 
potential in the screening, miR-322/503 cluster promotes cardiac differentiation 
by targeting Celf1. Celf1, as a post-transcription RNA regulator, inhibits cardiac 
differentiation and promotes neural differentiation. Celf1 was proved to inhibit 
cardiac differentiation by promoting mRNA decays of several cardiac factors 
(including Wnt5a, Myocd, and Hdac5).  
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