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ABSTRACT OF THE THESIS 

Unraveling the Role of microRNAs in Intralipid-induced Cardio-protection against Acute 

Myocardial Ischemia-Reperfusion Injury 

 

by  

 

Eranthi Ursula Jayawardena  

 

Master of Science in Physiological Science  

University of California, Los Angeles, 2021  

Professor Mansoureh Eghbali, Co-Chair 

Professor Amy Rowat, Co-Chair  

Myocardial infarction (MI) is a major cause of death and disability among Americans. In 

patients with MI, the best treatment to limit acute myocardial ischemic injury and infarct size is 

immediate myocardial reperfusion with thrombolytic therapy or primary percutaneous coronary 

intervention (PPCI). In the process, however, the reperfusion can promote additional 

cardiomyocytes death, known as acute myocardial ischemic-reperfusion (IR) injury. While current 

therapies in animal IR injury models protect the heart by delaying the opening of the mitochondria 

permeability transition pore (mPTP), none have shown success in human trials. Therefore, novel 

therapeutic agents are of critical need to limit myocardial IR injury and improve patient outcomes 

following reperfusion intervention. One promising agent is intralipid (ILP), an emulsion of soy 

bean oil, egg yolk phospholipids, and glycerin. In the clinical setting, ILP is typically administered 

intravenously to provide a main source of calories and essential fatty acids for parenteral nutrition. 
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ILP also serves as a lifesaving treatment for local anesthetic cardiotoxicity in humans. More 

recently, our lab showed that ILP protects the heart against IR injury in rodent models. The exact 

molecular mechanisms by which ILP confers this cardioprotection is not fully understood and 

deciphering it could help develop more targeted effective reperfusion intervention for MI. 

Preliminary data from our lab shows that ILP protection against IR injury is associated with 

upregulated levels of microRNAs (miRNAs) miRNA-1-3p (miR-1) and miRNA-144-3p (miR-

144) in the heart. Based on our preliminary data, we hypothesize that ILP confers cardioprotection 

by upregulation of miR-1 and miR-144 and subsequent downregulation of its targets. In this study, 

we examine whether ILP is delaying cardiomyocyte death by studying whether ILP can still protect 

the heart in longer reperfusion time. Per recent data, ILP is in fact very effective in reducing infarct 

size and normalizes miR-1 expression in mice subjected to 24 hours reperfusion. Similarly, ILP 

significantly reduced cardiomyocyte death during hypoxia-reoxygenation (HR) injury. Hypoxia 

for 5 hours followed by reoxygenation for 8 hours was sufficient to decrease miR-1 expression in 

cardiomyocytes and ILP may increase its expression. miRNA target analysis using miRtarBase 

along with NCBI GEO microarrays predicted Tissue-Type Plasminogen Activator (PLAT) as a 

key downstream target of miR-144 that is known to regulate IR injury in both mouse and human.  

In total, 39 and 17 leading-edge target genes drive the enrichment of miR-144 and miR-1, 

respectively in mouse IR injury. My findings will uncover mechanisms of ILP-mediated cardio-

protection, which should lead to a novel therapeutic strategy against acute myocardial IR injury. 
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1. INTRODUCTION 
 

Coronary artery disease and subsequent acute myocardial infarction remain the leading 

cause of death for both men and women of most ethnicities in the United States.1, 2 Early and rapid 

reperfusion, either via thrombolysis or primary percutaneous coronary intervention, is the optimal 

way to salvage viable myocardium after total coronary occlusion.3 The time gap between occlusion 

and reperfusion is critical to prevent permanent myocardial damage. In the process, however, 

restoring blood to ischemic myocardium paradoxically results in both reversible and irreversible 

reperfusion damage to the cardiomyocytes.4 In most cases, the reperfusion injury is more 

detrimental to the patient compared to the ischemia itself due to oxidative damage initiated by free 

radicals and calcium overload5 (Fig. 1). Acute myocardial ischemia-reperfusion (IR) injury 

remains a widespread, unresolved clinical problem.5 Thus, novel therapeutic strategies are of 

critical need to limit myocardial IR injury and improve outcomes for patients following reperfusion 

intervention.  

The ideal therapeutic drug against IR injury has to be safe and effective when delivered 

within minutes of early reperfusion by promoting cardiomyocyte survival and in turn, overall 

myocardial survival to IR injury. Intralipid (ILP) is emerging as a potential pharmacological agent 

that may be used to protect the heart against IR injury in animal models.6, 7 ILP, a mixture of soy 

bean oil, egg yolk phospholipids and glycerin, is a brand name for the first safe fat emulsion for 

human use.3 For the past five decades, ILP is typically administered intravenously to provide a 

main source of calories and essential fatty acids for parenteral nutrition.3 ILP also serves as a 

lifesaving treatment for local anesthetic cardiotoxicity in humans.8, 9   

Over a decade ago, our lab has shown that ILP protects the heart against IR injury in animal 

models (Fig. 4).6, 7, 10 One bolus of ILP at the onset of reperfusion significantly reduced the infarct 
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size in rat hearts subjected IR injury. Thus far, the opening of the mitochondrial permeability 

transition pore (mPTP) has been strongly implicated in cell death during IR injury.11, 12 mPTP is a 

large conductance pore located in the inner mitochondrial membrane. While ILP as well as 

alternative therapies have focused on delaying the opening of the mPTP and effectively mitigating 

the effects of IR injury in animals,7, 10, 13 none have shown same success in humans. Therefore, the 

exact downstream mediators of ILP in IR injury protection is unknown and requires further 

investigation.  

microRNAs (miRs), small non-coding molecules (~22 nucleotides in size), are promising 

candidates to elucidate how ILP works to lessen IR injury pathology including mPTP opening and 

eventual cardiomyocyte death.4 miRs have been recognized as endogenous, regulatory molecules 

in IR injury with unlimited potential.14 Each miR modulates 10-100s of mRNA genes and controls 

multiple cellular pathways at once. The main function of miRs is to promote degradation and 

inhibit the translation of protein-coding genes by annealing to target mRNAs.15, 16 Therefore, these 

miRs have a profound impact on pathology in the heart and when dysregulated contribute to the 

disease, as is the case in acute myocardial IR injury.17-19  

Our preliminary data shows that ILP protection against IR injury is associated with 

upregulated levels of miRNA-1-3p (miR-1) and miRNA-144-3p (miR-144) in the heart (Fig. 2). 

We hypothesize that ILP confers cardioprotection by upregulation of miR-1 and miR-144, leading 

to downregulation of their targets and reducing cardiomyocyte death (Fig. 3). Here, we show ILP 

reduces HR-induced cardiomyocyte death and infarct size during IR injury. We also reveal that 

ILP upregulates miR-1 in cardiomyocytes using a longer reperfusion time and identify downstream 

targets of miR-1 and miR-144. My findings will uncover mechanisms of ILP-mediated cardio-

protection, which may lead to a novel therapeutic strategy against acute myocardial IR injury.  
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2. MATERIALS AND METHODS 

2.1 Experimental Animals  

All in vivo IR injury experiments were carried out on 8-10 week old C57Bl/6 male mice 

(Charles River Laboratories, US). Charles River Sprague Dawley neonatal rat pups (2-3 days old) 

were used to prepare primary cultures of ventricular myocytes. All animal studies were approved 

by the Institutional Animal Care Use Committee (IACUC) and Animal Research Committee 

(ARC) at UCLA and, designed to prevent or reduce any stress or pain.  

2.2 NRVM Isolation and Cell Culture   

NRVM (neonatal rat cardiac ventricular myocytes) obtained from HeartLab NRVM Core 

were utilized for the in vitro studies.  Briefly, neonatal pups were euthanized by decapitation 

without administration of anesthesia. The isolated hearts were trimmed of atria, excess fat and 

connective tissue with fine scissors and forceps. The ventricles were cut into quarter size pieces 

and were rinsed briefly in Aspirate Digestion (ADS) buffer (ddH2O supplemented with NaCl, 

HEPES, NaH2PO4, Glucose, KCl, MgSO4). The minced ventricles were then digested with cold 

enzymatic solutions (0.3 mL per heart) for 30 minutes at 37 °C to remove blood cells and broken 

cells. The enzyme buffer with the isolated cells were recollected, transferred to a fresh tube and 

enzyme activity inactivated by adding warm Neonatal Calf Serum (NCS). Fresh dissociation buffer 

was added to left over tissue pieces and processing steps repeated four times until all tissue pieces 

were fully dissolved. Cell suspensions from all collecting tubes were pooled, centrifuged for 3 min 

at 2200 rpm and the resulting cell pellet resuspended in cold ADS solution. A two-layer Percoll 

density gradient (Sigma-Aldrich, Catalog No: 17-0891-01) was prepared to separate myocytes. 

The cell suspension was placed on top of the gradient and tubes were centrifuged for 30 min at 

3000 rpm RT. Cardiomyocytes were separated from the new layer between the Percoll solutions. 
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Collected material was pooled, diluted in ADS and centrifuged for 3 min at 2200 rpm. The cell 

pellet was resuspended in growth medium (DMEM supplemented with 1% penicillin-

streptomycin, 10% horse serum, NCS, M199). 

Culture plates were pre-coated with 0.1% gelatin (Sigma-Aldrich, Catalog No: G1393-100 

mL) overnight prior to plating cells in culture medium. DMEM (Gibco, Catalog No: 12100-046) 

was used to culture the cells, with addition of 1% Antibiotic-Antimycotic (AA, Thermo-Fisher, 

Catalog No: 15240096) and 10% FBS for complete growth medium. All cells were serum starved 

(DMEM and 1% AIA only) for 24 hours prior to experiments to arrest cells in the same cycle. 

2.3 Pharmacological Agents  

Intralipid (ILP) 20% was purchased from Sigma (St. Louis, MO, USA). ILP is made up of 

20% soybean oil, 1.2% egg yolk phospholipids, 2.25% glycerol and water. The major component 

fatty acids are linoleic (44–62%), oleic (19–30%), palmitic (7–14%), linolenic (4–11%) and stearic 

(1.4–5.5%). ILP was used at 5ml/kg in the in-vivo rat model of IR injury.  

2.4 In vitro Hypoxia-reoxygenation (HR) Injury Model 

To induce hypoxia in cells, cell media was changed from normal, growth medium to a low 

nutrient DMEM (Gibco, Catalog No: 11966-025) without growth factors.  Cells were placed into 

a plastic hypoxia chamber (MIC-101, Billups-Rothenberg Inc, CA) under hypoxic gas conditions 

(5% CO2, nitrogen balanced) at 37 °C for 5 hours. A flow rate of 20 L/min completely purges the 

chamber in 4 minutes and ensures 100% gas exchange. Next, the cells were reoxygenated by 

removal from hypoxia chamber, reintroduction of growth media and placing the cells back in 

normoxic gas conditions (~20-21% O2 and 5% CO2) at 37◦C for 2, 8 or 16 hours. At the onset of 

reoxygenation, one group of NRVM received 1% ILP + growth media.  
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2.5 Left Anterior Descending (LAD) Coronary Artery Occlusion  

We used an established method to induce ischemia-reperfusion (IR) injury in vivo in 8-10 

week, C57Bl/6 adult male mice.7 Mice were anesthetized with ketamine (80 mg/kg i.p.) and 

xylazine (8 mg/kg i.p.) and ventilated with a ventilator (CWE SAR-830/P). The hearts were 

exposed through a left thoracotomy in the fourth intercostal space and the pericardium was opened. 

The hearts were subjected to 30 minutes ischemia by ligating the proximal LAD artery with a 5.0 

Prolene suture, followed by 24 hours of reperfusion by releasing the tension on ligature. The suture 

was left inside of the animal’s chest cavity during reperfusion. A successful ligation of the LAD 

was evidenced by immediate color change (red to pale) in the anterior ventricular wall and apex 

of the heart. A bolus of ILP (20%, 5ml/kg body weight) was injected via the femoral vein 5 minutes 

prior to reperfusion. Control operation involved an identical procedure, except same volume of 

PBS was given at the onset of reperfusion.  At the end of 24 hours reperfusion, the animal was re-

anesthetized with same dose of ketamine/xylazine and the LAD artery was re-ligated at the same 

location as before. Next, 2.5 mL of 1% Evans Blue Dye (Thermo-Fisher, Catalog No: 

AC1955550050) was injected into the femoral vein to delineate the non-infarcted area of the heart. 

The myocardial ischemic area at risk (AAR) was identified as the region lacking the blue staining.  

2.6 Measurement of Infarct Size 

The hearts were removed from the animal’s chest cavity and frozen in cold PBS solution for 

15 minutes at -20°C. The ventricles of the hearts were sliced transversely into 2 mm thick slices 

and incubated in 1% triphenyltetrazolium chloride (TTC, Sigma-Aldrich, Catalog No: T8877-

10G) at 37◦C for 15 minutes. The infarcted area was displayed as the area unstained by TTC. 

Infarct size (IS) was expressed as a percentage of the AAR or left ventricle (LV) and AAR was 
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expressed as a percentage of LV. The aim is to have the same area of ligation in LAD artery and 

equal exposure of animals to ischemic risk for each surgery. 

2.7 RNA isolation and Quantitative RT-PCR Analysis  

All heart tissue samples were snap-frozen in liquid nitrogen and powdered. Total RNA was 

isolated from heart tissue or NRVM using Trizol (Invitrogen, CN: 15596018) according to 

manufacturer’s instructions. Hearts, unexposed to blue dye and TTC staining, were used for RT-

qPCR to evaluate the expression of miRs and their targets. A Nanodrop (Thermo-Fisher, USA), 

cutting-edge spectrophotometer, was used to evaluate the concentration of RNA in each sample. 

To evaluate mRNA expression, 2 μg of RNA was used to generate cDNA via reverse transcription 

using the High-Capacity cDNA Reverse Transcription Kit (Thermo-Fisher, USA). To evaluate 

miR expression, 10 ng of RNA was used to generate cDNA via reverse transcription using the 

Taqman Advanced miRNA cDNA Synthesis Kit (Thermo-Fisher, USA). Gene expression was 

assessed by the Real-Time PCR using SybR green mix for mRNA or Taqman Universal Master 

Mix II, no UNG for miR on MyIQ RT qPCR Detection System (Bio-Rad, Hercules, CA, USA). 

U6 (a highly conserved snRNA, Thermo-Fisher, USA) and RPLP0 (a ribosomal protein coding 

gene, Integrated DNA Technologies Inc, USA) were used as the housekeeping genes for miRs and 

protein-coding genes, respectively 

2.8 Immunofluorescence 

Immunofluorescence was employed to visualize cleaved-caspase 3 (CC3) protein 

expression within NRVM treated with HR, HR+ILP or control. All cells were fixed in 4% 

paraformaldehyde (FisherScientific, Catalog No: BP531-500). Cells were blocked with 10% 

Normal Goat Serum (NGS, Jackson Immuno Research Labs, Catalog No: 005-000-121) in 0.2% 

Triton-PBS solution for 30 min at RT. The primary antibody used was CC3 (D175) rabbit 
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monoclonal (Cell Signaling Technology, Catalog No: 9661S) and the secondary antibody used 

was Alexa Fluor 594 goat anti-rabbit IgG (Thermo-Fisher, Catalog No: A-11012). The coverslips 

containing the cells were mounted to slides using Prolong Gold Antifade Reagent with DAPI 

(Thermo-Fisher, Catalog No: P36935). All images were acquired using a confocal microscope 

(Nikon Instruments Inc, USA).  

2.9 Apoptosis Quantification  

Apoptosis was reported as a percentage of apoptotic cells (number of positive cells for CC3 

protein expression divided by total number of cells). Each experiment had either two or three 

experimental groups and repeated three times total. From each slide, at least three images were 

captured for quantification and one representative image was selected. The threshold intensity was 

adjusted for each control and treatment pair. Positive staining for CC3 protein expression was 

identified as punctuated red signal around nuclei. Per visual and quantitative analysis, any nuclei 

that lacked this characteristic was identified as non-specific antibody binding and excluded from 

the analysis.   

2.10 Bioinformatics Analysis  

Selective target genes with a positive fold change value were investigated since miR-1 and 

miR-144 is reported to be downregulated in IR injury.20-24   

     2.10.1 Identifying miR Target Genes 

 A publicly available bioinformatic database, miRTarBase, was used to filter for all miR-

144 and miR-1 target genes in mouse and human, respectively. Here, the database was used to 

obtain a list of miR target genes to identify differentially expressed genes during microarray 

analysis of mouse and humans. 
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2.10.2 Screening for Model Microarray Databases   

 An extensive screening of a public repository, NCBI GEO database, was performed to 

determine model microarray databases for mouse and human. The database selection process for 

this screening included the following combinations of key words: “mouse myocardial ischemia 

reperfusion”, “mouse heart ischemia reperfusion”, “mouse ischemia reperfusion”, “human heart 

ischemia reperfusion”, “human myocardial ischemia reperfusion” and “human heart ischemia”.  

All citations were checked thoroughly to gather information about animal strain, age, tissue type, 

IR duration, method of analysis and treatments (e.g. pharmaceuticals, targets or other therapies). 

For mouse database search, the following inclusion criteria was used: wild-type male C57Bl/6 8-

10 weeks or older adult mice with or without IR, ischemia time as 30 minutes to 1 hour (up to 3 

hours) followed by reperfusion time as 2 to 24 hours, tissue samples collected from heart (left 

ventricular), animals not treated with pharmaceuticals or other therapies. A similar criterion was 

used to identify the human microarray database. After screening 680 mouse and human databases, 

the following databases met the study’s inclusion criteria: GSE58486 (mouse microarray) and 

GSE974 (human microarray). Also, GSE77698 (rat microarray) was used to study the 

cardioprotective role of ILP against IR injury. 

The limma package in R (R Core Team, 2020) was used to perform differential expression analysis 

of data arising from the microarrays. A p-value < 0.05 and FC >1.5 was the criteria used to define 

any differentially expressed genes in IR injury groups of mouse, human and rat.  

2.10.3 Gene Set Enrichment Analysis (GSEA) for Mouse  

Gene sets (a reference list of all predicted miR-144 targets from miRTarBase) were created 

and the ranked list of genes detected in microarray was compared to this reference using GSEA.  
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GSEA calculated an enrichment of these gene sets, predicting a significant down or upregulation 

of the miR. All the genes responsible for enrichment can be visualized in the heat map (Fig. 11).    

For miR-1, the analysis was focused on the leading-edge genes (e.g. the target genes that 

are driving the enrichment of miR-1 gene set) that are significantly dysregulated with GSEA 

ranked file to take into account all genes (Fig. 12). A similar genetic coding pipeline as miR-144 

was used to identify any significant (p-value < 0.05) and upregulated (FC > 1.5) targets of miR-1 

that may drive the therapeutic effects of ILP in ischemic hearts. A future goal is to validate the 

miR targets experimentally and explain the contribution of these genes in regulating cardiac injury 

with ILP therapy.   

3. STATISTICAL ANALYSIS 

For in vitro HR experiments, which has 2 groups, the means were compared using t-test. 

For in vitro HR studies, which have 3 groups, the means were compared across groups using 

repeated measure analysis of variance (one-way ANOVA). After post-hoc correction using t-test, 

any p-value <0.05 was considered statistically significant. Values are presented as mean±SEM.  

A total of three independent experiments were performed for every in vitro experiment.  For in 

vivo IR experiments, which has 2 groups, the means were compared using t-test. P-values <0.05 

were considered statistically significant. 

4. RESULTS 

4.1 In vivo Cardiac Injury Studies  

4.1.1 ILP is protecting the heart against IR injury 

Our lab has previously shown that ILP reduces infarct size in rats using a surgery protocol 

with 3 hours reperfusion (Fig. 4). Here, we examined a longer reperfusion time to refute any 

speculation that ILP is only delaying myocardial cell death. The left coronary artery in mice were 
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occluded for 30 minutes to induce ischemia and shortly after, reperfusion followed for 24 hours. 

Consistent with the previous published data in rats, the AAR to LV ratio was similar in both groups 

(AAR to LV was 76.8±4.0 in ILP (n=9) vs 72.7±6.2 in control (n=8)), indicating that the two 

groups were exposed to a comparable degree of ischemic risk. The ILP treated group had a 

significantly smaller infarct compared to the IR group (IS to AAR was 33.3±5.5 in ILP (n=9) vs 

52.9±5.7 in control (n=8), p<0.05). The data confirms the previously published conclusions that 

show administering ILP during the onset of reperfusion is sufficient to reduce the infarct size 

compared to IR alone even in longer reperfusion time in mice (Fig. 5).  

4.1.2 ILP cardioprotection is possibly mediated through the regulation of miR-1   
 
To explore the molecular mechanism in which ILP mediates cardioprotection, we used the 

established LAD ligation protocol once more to induce IR injury in mouse hearts with longer 

reperfusion time and examined the expression of miR-1 and miR-144.  The expression of miR-1 

significantly decreased in the IR group compared to the sham group and when ILP was given to 

the mice, the expression of this miR is normalized (for miR-1: 0.55±0.10 in IR group (n = 6) vs 

1.07±0.21 in control (n=5), p<0.05; 1.05±0.12 in IR+ILP group (n=7) vs 0.55±0.10 in IR group 

(n=6), p<0.05) (Fig. 6). The expression of miR-144 trended toward a decrease in hearts subjected 

to IR injury. Thus, this miR was not further tested with ILP administration until significance can 

be established by including more samples in control and IR groups.   

4.2 In vitro Cardiac Injury Studies  

4.2.1 ILP reduces apoptosis in cardiomyocytes that undergo hypoxia-reoxygenation 

(HR) in vitro 

To investigate the effects of ILP on cell death, we first established an in vitro model of 

cardiomyocyte HR injury. To mimic in vivo IR injury in vitro, NRVM obtained from HeartLab 
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NRVM Core underwent hypoxia followed by reoxygenation. Hypoxia inducible factor 1α (Hif-

1α) and Bcl-2/adenovirus E1B 19-kDa interacting protein (Bnip3) levels were measured by qPCR 

to confirm hypoxic and apoptotic conditions that occur in in vivo IR injury. A ~2-fold significant 

increase in Hif-1α and Bnip3 compared to controls was evident in NRVM that underwent 

H(5h)/R(2h) and H(5h)/R(8h), respectively (Fig.7). These results confirm that the HR protocol is 

working since NRVM are hypoxic and apoptotic.  

Moreover, we investigated whether the increases in Hif-1α were concomitant with 

cardiomyocyte apoptosis. CC3 protein was used as a pro-death marker to evaluate evidence of 

apoptosis in HR or control groups. Hif-1α mRNA levels were significantly upregulated following 

cardiomyocyte apoptosis induced by H(5h)/R(2h) (Fig. 7 and 8). Exposure of cardiomyocytes to 

longer reperfusion times caused a significant increase in apoptosis across all HR groups compared 

to controls (Fig. 8). Interestingly, the control groups with longer reperfusion times also had 

apoptosis probably due to cell death when culturing for prolonged period of time. Out of the four 

time points tested, we identified H(5h)/R(8h) to be the most appropriate duration to induce 

sufficient apoptosis in the HR group and while minimizing cell death in the corresponding control 

group.  

A key detrimental outcome of IR injury is cardiomyocyte death. We next aimed to assess 

whether ILP protects cardiomyocytes against HR injury. ILP significantly reduces CC3 protein 

expression in NRVM subjected to HR injury compared to control (Fig. 9). We determined 

H(5h)/R(8h) to be the optimal in vitro time point in which ILP reduces cell death. Together, this 

data shows that we have optimized an in vitro HR model in NRVM and that ILP protects 

cardiomyocytes that are subjected to HR against apoptosis. 
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4.2.2 Mechanistic insights into the effect of ILP on miR expression  

We aimed to determine the effects of ILP on miR-1 and miR-144 expression in NRVM after 

HR injury and explain ILP cardioprotection. ILP emulsion was introduced to NRVM following a 

period of hypoxia and the expression of miR-1 and miR-144 was quantified using qPCR. 

Expression of miR-1 was significantly downregulated in NRVM subjected to H(5h)/R(8h) and 

when ILP was given at the onset of reoxygenation, a strong trend towards upregulation of miR-1 

was observed (Fig. 10). Expression of miR-144 in NRVM was undetectable in a similar set of 

experiments as the CT values were too high for an accurate quantification.  

4.3 Bioinformatics Analysis for Identifying Dysregulated Target Genes of miR-1 and miR-144 

in IR injury  

4.3.1 Selecting microarray databases of acute myocardial IR injury   

The purpose of the analysis was to identify common mRNA targets of miR-144 between mice 

and human in IR injury using publicly available bioinformatics tools. 

 Microarray heart samples from three groups of animals were found: healthy, IR injury and IR 

injury with ILP. The goal of the analysis was to understand firstly, the changes in gene expression 

of miR-144 and its respective mRNA target(s) in IR injury and secondly, whether ILP is protecting 

the heart.  

While mouse and human microarrays helped investigate the first goal as it compares healthy 

vs IR injury groups, the third microarray would help see how ILP is reducing infarct size 

(descriptions for all microarray databases found in Table 1). Our lab previously published that ILP 

protects the heart in late pregnant rats against IR injury.10  Thus, we used a microarray from these 

late pregnant rats to determine whether miR-144 participates in ILP cardioprotection against IR 

injury. Our aim was to see what type of miR-144 target gene(s) is differentially expressed for 
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mouse and human separately and later, compare the readouts to see if there was any overlap in 

genes between these two species. We integrated all these microarray databases (mouse, human and 

rat) to better understand the role of miR-144 during IR injury and identify novel miR-144 targets 

mediating ILP’s protective role in IR injury. While the differences in species type and gender could 

be a limitation, the targets found to be regulated by miR-144 in all three species are of great interest 

as they are conserved throughout the different species. Afterwards, we performed a literature 

search on the roles of all identified miR-144 target genes to see which one would fit with the 

working hypothesis of the present study.  

4.3.1 Identification of highly enriched miR-144 target genes in IR injury of Mouse   

Per gene set enrichment analysis, miR-144 is one of the highly significant and highly enriched 

miRs in IR injury for mouse. In total, there were 39 leading edge target genes driving the 

expression of miR-144 as noted by the increase in enrichment score evident in miR-144 

enrichment plot (Fig. 11). All of the differentially expressed target genes were significant (p-value 

< 0.05) and upregulated (FC > 1.5). A list of functions for each of the target genes of miR-144 is 

provided in Table 2. 

4.3.2 Identification of dysregulated miR-144 target genes in IR injury between mouse 

and human 

To unravel the protective role of ILP, we analyzed publicly available microarray on mouse 

(GSE58486) and human (GSE974) hearts subjected to IR injury. We looked for selective target 

genes with a positive fold change value as miR-144 has been reported to be downregulated in IR 

injury in a previous study.23 After filtering for miR-144 target genes in mouse, 717 genes were 

detected with miR-144 motif. Out of those, 190 genes were significant (adjusted p-value < 0.05) 

and 49 of those were upregulated (fold change (FC) > 1.5). A similar analysis was performed to 
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identify miR-144 target genes for humans, in which post-filtering resulted in 815 genes with miR-

144 motif. Out of those, 27 genes were significant (adjusted p-value < 0.05) and 5 of those were 

upregulated (FC > 1.5). While three target genes were common between mouse and human, only 

the tissue-type plasminogen activator (PLAT) gene was significant (adjusted p-value < 0.05). 

Thus, we predicted PLAT as a key, novel downstream target of miR-144 that is differentially 

expressed between mouse and human (Fig. 11).  

4.3.3 Identification of highly enriched miR-1 target genes in IR injury of mouse and 

IR injury with ILP in rats  

Unfortunately, we did not find any common target genes of miR-1 between human and mouse. 

Similar to miR-144, miR-1 is also one of the highly significant and highly enriched miRs in IR 

injury for mouse. In total, there were 17 selective leading edge target genes driving the increase of 

miR-1 in mouse IR injury and driving the decrease of miR-1 in rat IR injury with ILP (Fig. 12). 

All of the differentially expressed target genes were significant (p-value < 0.05) and upregulated 

(FC > 1.5). A list of functions for each of the target genes of miR-1 is provided in Table 3. 

We propose that a potential molecular mechanism of how ILP protects against IR injury 

involves downregulation of specific miR-1 and miR-144 targets. 

5. DISCUSSION 

Our lab has shown that ILP significantly reduces myocardial infarct size in an in vivo male 

Sprague-Dawley rat model of IR injury by ~ 70% (Fig. 4) and also significantly increases heart 

functional recovery after an ischemic insult in isolated Lagendorff perfused mouse hearts by ~ 4 

fold.7 We have found that post-ischemic administration of ILP protects the myocardium against 

IR injury by inhibiting the mPTP and this is mediated by targeting GSK-3 at the time of 

reperfusion.7 To date, the most potent and direct mPTP inhibitor is cyclosporine-A,13  which is 
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also cardioprotective.25, 26  However, long-term treatment with this drug is detrimental due to an 

array of serious side effects such as hypertension, potassium retention, kidney and liver 

dysfunction and susceptibility to fungal and viral infections.10 Thus, many clinicians are hesitant 

to use cyclosporine-A as a pharmacological agent targeted for IR injury. ILP, in contrast, is known 

to be well-tolerated and is safe for human use in the clinical setting. Interestingly, we reported that 

ILP was more effective than cyclosporine-A in protecting the heart against IR injury.10 Overall, in 

the setting of IR injury, the ILP treated rats (1% dose) had restored heart function and notably 

smaller infarct size compared to cyclosporine-A treated rats (0.8 µM).10 All the previously 

published data from the lab show that ILP can protect against IR injury; however, the reperfusion 

time was relatively short. In this study, we examine whether ILP is delaying cardiomyocyte death 

by studying whether ILP can still protect in longer reperfusion time. The recent data shows that 

ILP is in fact very effective in reducing infarct size in mice subjected to 24 hours reperfusion. All 

of this data suggests that ILP is a promising post-ischemic therapeutic that can be given to prevent 

myocardial damage. However, the underlying molecular mechanisms involved in ILP 

cardioprotection is not very clear and warrants further study, especially in the human heart. 

miRs are powerful regulators of gene expression and are involved in molecular pathways 

of many cardiovascular diseases, including acute myocardial IR injury.14, 17-19 In IR injured hearts, 

several miRs are aberrantly expressed4  and as such, each miR potentially regulates the progression 

of disease pathology. The cardiac abundant miR-1 is one miR that has been repeatedly shown to 

contribute to disease when its expression is downregulated in cardiomyocytes27-29  and the whole 

heart.20-22 Similarly, miR-144 is also decreased in IR injured rat hearts and overexpressing miR-

144 is cardioprotective.23, 24 Our lab has shown previously that both miR-1 and miR-144 are 
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upregulated in the whole heart upon post-ischemic administration of ILP. Therefore, the precise 

regulation of miR function and their subsequent target genes could unravel the mechanism of ILP. 

The aim of the present study is to assess whether cardiomyocytes, the main cell type in the 

heart which becomes damaged with IR, are involved in ILP cardioprotection. To establish a 

protocol that mimics the in vivo IR injury, we subjected cardiomyocytes to periods of hypoxia 

followed by reoxygenation and looked at the expression of Hif-1 α and Bnip3. The role of Hif-1 α 

and Bnip3 in response to hypoxia has been extensively researched in acute myocardial IR injury 

studies.30  Bnip3 is a pro-apoptotic BH3-only protein that is localized in the mitochondrial outer 

membrane31-33 and contributes to IR injury by inducing mitochondrial dysfunction.32, 34 

Specifically, studies have shown that overexpression of Bnip3 leads to opening of the mPTP and 

cell death,32, 35, 36  which are both hallmarks of IR injury. Bnip3 is also a well-accepted target of 

Hif-1 α and together, these key factors mediate the mitochondrial apoptotic pathway and ensue 

cardiomyocyte death.32, 37, 38. Similar to Wang et al’s findings,39 we show that Hif-1α and Bnip3 

expression is significantly upregulated when NRVMs are exposed to 2 hours and 8 hours of 

reperfusion, respectively. These results are indicative of a robust HR protocol that can be used 

effectively to deprive NRVM of nutrients and oxygen and restore these upon reperfusion.  

Hif-1α is known to play a dual-role in HR, promoting cell death or cell survival in the 

heart.40 To address this controversy, we evaluated Hif-1α expression levels in response to 

apoptosis of cardiomyocytes subjected to HR.  One of the most well-known key activators of 

apoptosis is CC3. Our observations were confirmed when Hif-1α mRNA along with CC3 protein 

expression were significantly upregulated following apoptosis of NRVM (Fig. 7 and 8). These 

findings agree with reports that similarly show increases in Hif-1α is associated with apoptosis in 

cardiomyocytes.  
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 To evaluate the optimal time point for HR, we next cultured NRVM under different times 

of reoxygenation (0, 2, 8, and 16 hours) and examined CC3 protein expression. As shown in Fig. 

8, apoptosis significantly increased with longer reperfusion times. Hypoxia for 5 hours followed 

by reoxygenation of 8 hours induced ample apoptosis in NRVM while limiting the amount of cell 

death in the control (Fig.8). Thus, we used H(5h)/R(8h) this HR timepoint for all cell culture 

studies moving forward. We hypothesized that ILP intervention at the onset of reperfusion could 

decrease HR-induced apoptosis of cardiomyocytes. In our study, we show that ILP serves as a 

cardioprotective agent in rescuing cardiomyocytes from HR induced injury. All of this was 

confirmed when CC3 protein expression was significantly decreased in ILP group compared to the 

HR-treated group (Fig. 9). Thus, ILP protects cardiomyocytes by suppressing apoptosis in vitro.  

We next explained the mechanisms of ILP-induced cardioprotection by using the 

established HR model and evaluating expression of miRs. Here, we show that the cardioprotection 

provided by ILP at onset of reoxygenation is most likely associated with upregulated levels of 

miR-1, not miR-144 (Fig. 10).  Based on these results, we would need to perform additional HR 

experiments to determine whether the observed trend in miR-1expression for ILP group is 

significant. Also, the expression of miR-144 was not detectable in cardiomyocytes and the qPCR 

data was not quantifiable. At this time, we cannot completely exclude miR-144 from the molecular 

pathway of ILP cardioprotection without exploring other heart cell types and also, re-evaluating 

expression levels in the whole heart. 

Two key factors may explain the diminished cardioprotective effects of ILP on 

upregulating miR-1 expression in HR-induced cardiomyocytes. We have to perform a dose 

response curve to figure out the optimal dosage of ILP to use in vitro and also, include more 

samples to establish significance.  Nevertheless, this data is very promising as it coincides with 
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our in vivo data in which the infarct size is significantly reduced and the miR-1 is normalized in 

IR injured hearts with ILP treatment (Fig. 5 and 6).  

  Here, we used bioinformatics to evaluate the changes in gene expression of miR-1/-144 

and identify their respective mRNA target(s) in myocardial IR injury. One common miR-144 

target of interest differentially expressed in mouse and human is tissue-type plasminogen activator 

(PLAT). PLAT is a serine protease normally found in epithelial cells that line blood vessels. The 

main function of PLAT is to indirectly breakdown blood clots by converting plasminogen to 

plasmin. In the clinical setting, PLAT has been commonly used as thrombolytic treatment for 

pulmonary embolism, myocardial infarction and stroke. In general, the other miR-144 target genes 

from mouse were involved in cell cycle or apoptosis, lipid metabolism or signaling, cardiac 

hypertrophy or fibrosis. A similar approach was used to identify targets of miR-1. Overall, we 

would expect mRNA targets of miRs to be upregulated in HR or IR injury and downregulated with 

ILP treatment.   

6. FUTURE DIRECTIONS 

We plan to further understand the underlying molecular mechanisms of miR-1 and miR-

144 role in ILP cardioprotection and also, identify their targets and their functional role in 

regulating cardiomyocyte death in vitro. One future aim is to evaluate the causal effect of miR-1 

and miR-144 overexpression and knockdown on apoptosis in NRVM after HR injury. We hope 

overexpression of miRs will induce similar cardioprotection as ILP (low apoptosis), whereas 

knockdown would abolish the beneficial effects of ILP. Afterwards, we will validate miR-1 and 

miR-144 targets in our HR experimental setup. 

From the bioinformatics analysis, we were successfully able to identify several targets of 

miR-144 that are dysregulated (FC > 1.5) in IR injury for mouse alone or between mouse and 
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human. Since we were unable to find common, upregulated miR-144 targets between mouse, 

human and rat, our plan is to test some of the identified targets experimentally and see if ILP is 

able to change the expression of those targets. For instance, we can test for expression levels of 

PLAT target gene to see if it is upregulated during IR injury. Once this is validated, we can use 

samples from mice hearts that received ILP to see whether ILP reverses the changes of PLAT seen 

in IR injury heart samples. We will follow a similar approach to validate targets of miR-1 in vitro.  

Another aim is to evaluate the role of miR-1 and miR-144 target genes in ischemia 

reperfusion injury and gather evidence on whether the miRs have been implicated as a modulator 

of these target genes in IR injury. As mentioned above, we can then narrow our list to a subset of 

miR target genes to study the protective role of ILP in IR injury experimentally.    

Moreover, we want to further understand the role of miR-1 and miR-144 in mediating ILP 

cardioprotection and also, confirm their targets in vivo. We plan to determine whether the 

protective effect of ILP is facilitated by miR-1 and miR-144 by knocking down these miRs in vivo 

prior to IR injury. We believe that inhibiting the expression of miRs prior to ILP treatment will 

prevent cardioprotection and accordingly, increases the infarct size. We will examine whether the 

action of miR-1 and miR-144 in protecting the heart by ILP is mainly mediated via its targets in 

vivo by using the same samples as the previous aim. We anticipate that the downstream targets of 

these miRs will be upregulated in hearts that receive the miR antagomiR. All of this data will 

support our hypothesis that ILP’s cardioprotective effects are mediated through miR-1 and miR-

144 and its targets. 

While unlikely, we may have a suboptimal protection if the knockdown of miR-1/-144 in 

ILP group induces cardioprotection in IR injury in vivo. This would indicate that these miRs are 

not the key players involved in ILP cardioprotection against IR injury. In this case, we will consider 
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performing a brand-new microarray-miRNA profiling of the ILP treated hearts to identify a new 

set of miRs and their targets to validate which are responsible for ILP protection.   

7. CONCLUSION 

Thus far, I have shown that ILP continues to reduce infarct size with longer reperfusion 

time and restores miR expression levels in hearts subjected to IR injury. I have also overcome the 

challenge of establishing an in vitro model that has substantial cell death similar to in vivo IR injury 

and when ILP is given, cell death is reduced. I have nicely shown that hypoxia for 5 hours followed 

by reoxygenation for 8 hours is sufficient to decrease miR-1 expression in cardiomyocytes and 

when ILP is added during reoxygenation, there is a trend toward increase. Although we see miR-

144 is expressed in the whole heart, expression in cardiomyocytes is not detectable. This means 

that miR-144 is possibly expressed in other cell types of the heart such as fibroblasts.  Many 

questions remain to be answered, including: Why are we seeing a difference in miR-144 expression 

in the whole heart vs cardiomyocytes? How do the targets of the miRs fit into the regulatory 

pathway of ILP cardioprotection? How long will the cardioprotective effects of ILP last? Most 

importantly, will these animal-based findings allow for clinical usage of ILP in preventing acute 

myocardial IR injury? All of our studies thus far are honing in on better explaining the full story 

of ILP cardioprotection and with time, our overarching goal is to show that ILP is an invaluable 

therapy that can be given at the time of intervention to heart attack patients.  
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FIGURES 

Figure 1: Overview of the Pathophysiology of Ischemia and Reperfusion 

 

Fig 1: Periods of ischemia induce low ATP and pH along with high levels of intracellular sodium 
and calcium. Reperfusion can also lead to high levels of intracellular calcium, but also increased 
reactive oxygen species (ROS) production that results in subsequent mitochondrial damage and 
eventually cell death. Paradoxically, reperfusion can also lead to mitochondrial recovery and cell 
survival.   
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Figure 2: Post-ischemic administration of ILP induces miR-1 and miR-144 upregulation in 
the heart 

  

Fig 2: ILP (20% 5 mL/Kg body weight) is administered at the onset of reperfusion via the femoral 
vein and miR expression assessed in hearts. The expression of miR-1 and miR-144 were 
significantly upregulated in ILP group compared to control in hearts subjected to in vivo IR injury 
(for miR-1: 2.23±0.46 in IR+ILP group vs 1.25±0.2 in IR, p<0.05; for miR-144: 1.67±0.2 in 
IR+ILP group vs 0.87±0.07 in IR, p<0.05). Adapted from accepted poster abstract in 
Anesthesiology Motayagheni et al. 2011. 
 
Figure 3: Hypothesis of miR-1 and miR-144 as novel mediators of ILP cardioprotection in 
IR injury. 

 

 

Fig 3: Summary of our working hypothesis. We hypothesize that ILP protects the heart against IR 
injury by regulatory pathways involving miR-1 and miR-144 and their specific mRNA targets. 
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Figure 4: ILP reduces infarct size in male rats after IR injury in vivo 

 

 

 

 

 

 

 

 

 
 
 
 
 
Fig 4: A. Experimental protocol – the heart was subjected to 30 min ischemia followed by 3 hrs 
of reperfusion. One bolus of PBS or ILP (20% 5 mL/Kg body weight) was administered at the 
onset of reperfusion. B. Representative TTC-staining of heart (white area delineated with dotted 
line is infarcted tissue and blue area is non-ischemic tissue). C. Percentage ratio of area at risk 
(AAR) divided by left ventricle (LV) was similar in both groups (60.1±2.6 in IR+ILP (n=6) vs 
62.1±2.4 in IR (n=6)) indicating that the two groups were subjected to a comparable degree of 
ischemic risk. The infarct size was significantly smaller in the IR+ILP group compared to control; 
percentage ratio of infarct size (IS) divided by LV was 12.4±0.6 in IR+ILP vs 38.1±1.5 in IR. 
Adapted from accepted poster abstract in Anesthesiology Motayagheni et al. 2011. 
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Figure 5: ILP reduce infarct size in male mice after IR injury in vivo 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5: A. Experimental protocol – the heart was subjected to 30 min ischemia followed by 24 hrs 
of reperfusion. One bolus of PBS or ILP (20% 5 mL/Kg body weight) was administered at the 
onset of reperfusion. B. Representative TTC-staining of heart (white area is infarcted tissue and 
blue area is non-ischemic tissue). C. Percentage ratio of area at risk (AAR) divided by left ventricle 
(LV) was 76.8±4.0 in IR+ILP vs 72.7±6.2 in IR. D. The infarct size was significantly smaller in 
the IR+ILP group compared to control across all cross sections; percentage ratio of infarct size 
(IS) divided by AAR was 33.3±5.5 in IR+ILP vs 52.9±5.7 in IR.  
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Figure 6: Post-ischemic administration of ILP normalizes miR-1 expression in the heart 

 

Fig 6: ILP (20% 5 mL/Kg body weight) is administered at the onset of reperfusion via the femoral 
vein and miR expression assessed in hearts. The expression of miR-1 was significantly 
downregulated in IR group compared to control and upregulated in IR+ILP group compared to IR 
group (0.55±0.10 in IR group vs 1.07±0.21 in CTRL, 1.05±0.12 in IR+ILP group vs 0.55±0.10 in 
IR, all p<0.05). ILP normalizes miR-1 expression to the same levels as control.   
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Figure 7: HIF-1α and Bnip3 gene expression levels increase with hypoxia-reoxygenation 

  

 

 

 
 
 
 
 
 
 
 
 
 

 
Fig 7: A. Experimental protocol – NRVM were subjected to hypoxia for 5 hours and reoxygenation 
for 2 hours or 8 hours to measure HIF-1α and Bnip3 expression levels, respectively B. The 
expression of HIF-1α and Bnip3 were significantly upregulated in H/R group compared to CTRL 
in NRVM subjected to in vitro HR (for HIF-1α: 2.06±0.04 in HR group vs 0.99±0.01 in CTRL; 
for Bnip3: 2.77±0.25 in HR group vs 1.00±0.00 in CTRL, p<0.001).  
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Figure 8: Effects of HR on cardiomyocyte apoptosis 
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Fig 8: A. Experimental protocol – NRVM were subjected to hypoxia for 5 hours and varying 
periods of reoxygenation to measure CC3 protein expression levels. First two images show 
negative cells with 0% apoptosis and positive cells with 100% apoptosis for visual purposes. All 
other images are representative images of CC3 protein expression in control and HR groups. B. 
HR injury in NRVM increased cell apoptosis (Avg percent apoptosis:  9% for control, 28% for 
H(5h);  26% for control, 44% for H(5h)/R(2h); 42% for control, 65% for H(5h)/R(8h); 63% for 
control, 83% for H(5h)/R(16h); blue: DAPI, red: CC3, red arrows: apoptotic cells; p-values: <0.05 
for control vs H(5h); <0.05 for control vs H(5h)/R(2h); <0.05 for control vs H(5h)/R(8h); <0.001 
for control vs H(5h)/R(16h)).   
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Figure 9: ILP reduces cell apoptosis in cardiomyocytes subjected to hypoxia-reoxygenation 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

 
Fig. 9: A. Experimental protocol – NRVM were subjected to hypoxia for 5 hours and 
reoxygenation for 8 hours to measure CC3 protein expression levels, respectively. B. HR injury in 
NRVM increased cell apoptosis, whereas ILP normalized cell apoptosis (Avg percent apoptosis: 
29% for control, 53% for HR, 42% for HR+ILP; blue: DAPI, red: CC3, red arrows: apoptotic cells; 
p-values: <0.001 for control vs HR and <0.05 for HR vs HR+ILP ). C. Representative images of 
CC3 protein expression in control, HR and HR+ILP groups.   
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Figure 10: ILP effect on miR-1 expression in cardiomyocytes after IR in vitro  

 

 
 
 
 
 
 
 
 
 
Fig. 10: A. Experimental protocol – NRVM were subjected to 5 hours hypoxia followed by 8 
hours of reoxygenation.  ILP mixed with normoxic medium given at the end of ishemic period and 
miR-1 expression measured. B. The expression of miR-1 trends toward an increase in ILP group 
compared to control in NRVM subjected to in vitro IR injury (for miR-1: p-value of HR group vs 
control <0.01). 
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Figure 11: miR-144-3p expression analysis of microarray on mouse and human hearts 
subjected to IR injury 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 11: A. miR-144 target genes dysregulated in mice and human. Summary of microarray data 
analysis. One target gene, PLAT, identified to be significant (adjusted p-value < 0.05) and 
upregulated (FC > 1.5) between mice (GSE58486) and human (GSE974). All significant genes 
with positive FC can be found toward the top to the right in the respective volcano plots, depicted 
as red dots. (color significance of remaining dots in the volcano plots: green is significant without 
>1.5 FC, orange is nonsignificant with >1.5 FC and black is nonsignificant without >1.5 FC). 
Reference Table 1 for a description of each microarray. B. miR-144 target genes highly enriched 
in mouse. Summary of GSEA for miR-144-3p in mouse. Thirty-nine leading edge target genes 
were identified to be significant (p-value < 0.05) and upregulated (FC > 1.5) in mouse. A positive 
FC is in red and a negative FC is in blue. Reference Table 2 for miR-144 target gene statistics and 
functions.    
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Figure 12: miR-1-3p expression analysis of microarray on mouse and rat hearts subjected 
to IR injury or IR injury with ILP 

 
 

 
 
 
 

 
Fig 12: A. and B. miR-1 target genes highly enriched in mouse.  Seventeen leading edge target 
genes driving the increase of miR-1 in mouse IR injury and driving the decrease of miR-1 in rat 
IR injury with ILP. All of the differentially expressed target genes were significant (p-value < 
0.05) and upregulated (FC > 1.5). A positive FC is in red and a negative FC is in blue. Reference 
Table 3 for miR-1 target gene statistics and function.    
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TABLES 
 

Table 1: Description of Microarray Databases 

 
 
 

 
 
 
 
 
 
 
 
 
 

 

GEO Accession Species Name Strain Gender Age Tissue Type IR Injury Duration Samples 

GSE58486 Mus musculus 
Mixed (129/Sv 
and C57Bl/6)

Male 10-15 weeks LV myocardium I(60 min): R(1 day) 

GSM1412423 
GSM1412424 
GSM1412425 
GSM1412426 
GSM1412427 
GSM1412428 

GSE77698 Rattus norvegicus Sprague-Dawley Female
2-3 mo (day 

21-22 of 
pregnancy)

LV myocardium I(45 min) : R(3 hrs)

GSM2056760
GSM2056761
GSM2056762
GSM2056763
GSM2056764
GSM2056765
GSM2056766
GSM2056767

GSE974 Homo sapiens  N/A Unknown Unknown LV apex N/A

GSM14844 
GSM14938
GSM14940 
GSM14942
GSM14944 
GSM14946 
GSM14948 
GSM14950
GSM14952
GSM14954 
GSM14956 
GSM14958
GSM14960 
GSM14962 
GSM14965 
GSM14967 
GSM14969 
GSM14971
GSM14973
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Table 2: List of miR-144-3p Target Gene Functions and Statistics 

  

Gene Symbol Gene Name Gene Function Log FC Adj p-value 

UCK2 Uridine-Cytidine Kinase 2 

Enzyme that phosphorylates uridine and cytodine to form UMP 
and CMP. First step in producing pyrimidine nucleoside 
triphosphates for RNA and DNA synthesis. Overexpressed in tumor 
cell lines. 

2.99 0.0018

FN1 Fibronectin

A glycoprotein in plasma,  cell surface, extraceullar matrix. 
Involved in cell adhesion, growth,  migration and differentiation  
(e.g. embryogenesis, wound healing, blood coagulation, host 
defense and metastasis). Binds to other compounds (collagen, 
fibrin, heparin, DNA and actin). 

2.78 0.0032

XIRP2 Xin Actin Binding Repeat Containing 2 Protects actin filaments from depolymerization.  2.18 0.0044

PI15 Peptidase Inhibitor 15 Trypsin inhibitor mainly expressed in human neuro/glioblastoma 
cell lines. May play role in CNS. 

2.15 0.0032

FBN1 Fibrilin 1

Preproprotein processed to form  extracellular matrix component 
fibrillin-1 and protein hormone asprosin. Extracellular 
glycoprotein (strutural component of Ca-binding microfibirils). 
Forms elastic fibers found in connective tissue. Secreted into ECM 
via fibroblasts. 

1.92 0.0057

PLA2G4A Phospholipase A2 Group IVA

Enzyme that hydrolyzes membrane phospholipids to release 
arachidonic acid (AA). AA metabolized in to eicosanoids (lipid-based 
cellular hormones; regulate hemodynamics and inflammatory 
responses). 

1.73 0.0073

NEK6 NIMA (Never In Mitosis Gene A)-Related 
Kinase 6 

Protein kinase plays a role in mitotic cell cycle progression. 
Required for chromosome segragation, mitotic spindle formation 
and cytokinesis. If inhibited, results in apoptosis. Enhances 
tumorigenesis.  

1.73 0.0116

RUNX1 Runt-Related Transcription Factor 1 Transccription factor forms complex with cofactor CBF. Involved in 
normal hematopoiesis. 

1.65 0.0126

CEP170 Centrosomal Protein 170 
Component of centrosome. Plays role in microtubule-organization.

1.21 0.0054

ACSL4 Acyl-CoA Synthetase Long Chain Family 
Member 4 

Isoenzyme of long-chan fatty-acid-coenzyme A ligase family. 
Convert free long-chain FA into fatty acyl-CoA esters. Plays role in 
lipid biosynthesis and FA regulation. 

1.20 0.0032

EMP1 Epithelial Membrane Protein 1 Function Unknown 1.16 0.0061

CAV3 Caveolin 3 Scaffolding protein within caveolar membranes. Regulates function 
of G protein alpha subunits and voltage gated K+ channels. Plays 
role in sarcolemma repair of skeletal musle and cardiomyocytes.  

1.15 0.0055

TGFBR1 Transforming Growth Factor Beta Receptor 
1

Serine threonine protien kinase. Transduces TGF beta signal from 
cell surface to cytoplasm. 

0.92 0.0198

EXOC5 Exocyst Complex Component 5

Component of exocyst complex (targets exocytic vesicles to sites on 
plasma mem). Interacts with actin cytoskeletal remodeling and 
vesicle transport machinery. Important for biogenesis of 
epithelial cell surface polarity.

0.89 0.0093

LRP12 LDL Receptor Related Protein 12 Member of low-density lipoprotein receptor related family. 
Transmembrane protein differentially exp in cancer. 

0.84 0.0083

MAPK6 Mitogen-Activated Protein Kinase 6
Extraceullar signal-regulated kinases (ERKs) activated via protein 
phosphorylation cascades. Localized in nuclues and activates 
fibroblasts. 

0.84 0.0273

PDE3B Phosphodiesterase 3B Cyclic nucleotide phosphodiesterase specific for cAMP and cGMP. 
May play role in fat metabolism.

0.82 0.0182

BICC1 BicC Family RNA Binding Protein 1 RNA binding protein. A neg regulator of Wnt signaling. Involved in 
gene exp during embryonic development. 

0.82 0.0395

WDR3 WD Repeat Domain 3 Nuclear protein with 10 WD repeats. Involved in cell cycle 
progression, signal transduction, apoptosis and gene regulation.

0.82 0.0062
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Gene Symbol Gene Name Gene Function Log FC Adj p-value 

SPIRE1 Spire Type Actin Nucleation Factor 1 
Involved in actin organization. Acts as an actin nucleation factor,  
stays associated with slow-growing filament. Plays role in vesicle 
transport processes. 

0.81 0.0337

RAAD23B RAD23 Homolog B, Nucleotide Excision 
Repair Protein Protein involved in nucleotide excision repair (NER). Role in DNA 

damage recognition  and controls proteasomal degradation.
0.81 0.0267

ZFP36L2 ZFP36 Ring Finger Protein Like 2 Member of early response genes. Nuclear transcription factor 
controls response to growth factors.  

0.79 0.0113

ABI1 Abl Interactor 1
Protein facilitates signal transcution. Controls actin 
polymerization and cytoskeletal remodeling by interacting with 
kinases. 

0.77 0.0116

EXOC1 Exocyst Complex Component 1
Part of exocyst complex (targets exocytic vesicles to sites on plasma 
mem). Interacts with actin cytoskeletal remodeling and vesicle 
transport machinery. 

0.76 0.0372

SYNCRIP Synaptotagmin Binding Cytoplasmic RNA 
Interacting Protein 

Member of heterogenous nuclear ribonucleoprotein (hnRNP). 
Regulates alteranate splicing, polyadenylation and other mRNA 
metabolism and trasport.

0.73 0.0055

RBMXL1 RNA Binding Motif Protein, X-Linked-Like-1 
X linked RNA binding protein involved in pre-MRNA splicing.

0.72 0.0285

XYLT1 Xylosyltransferase 1
Enzyme catalyzes transfer of UDP-xylose to serine residues of an 
acceptor protein substrate. Transfer reaction needed for 
biosynthesis of glycosamnoglycan chains. 

0.72 0.0172

MAP3K8 Mitogen-Activated Protein Kinase Kinase 
Kinase 8 Serine threonine protein kinase. Activates both MAP and JNK 

kinase pathways. Promotes TNF-a and IL-2 during T cell activation. 
0.72 0.0285

DLG5 Discs Large MAGUK Scaffold Protein 5 
Scaffolding molecules at site of cell-cell contact. Functions in 
transmission of extraceullar signals to cytoskeleton and 
maintaining epithelial cell structure.  

0.71 0.0397

PTPN9 Protein Tyrosine Phosphatase Non-Receptor 
Type 9 

Signaling molecules that control cell growth, differentiation, 
mitotic cycle and oncogenic transformation. Functions in Golgi to 
secrete proteins. 

0.70 0.0365

CCDC88A Coiled-Coil Domain Containing 88A Actin binding protein. Plays role in cytoskeleton reomodeling and 
cell migration. Cancer metastasis. 

0.70 0.0256

MYEF2 Myelin Expression Factor 2 Related to miRNA in cardiomyocyte hypertrophy and mito gene 
expression. 

0.69 0.0494

NCKAP1 NCK Associated Protein 1 Part of WAVE complex regulates actin filament reorganization. 0.65 0.0123

ZDHHC21 Zinc Finger DHHC-Type Palmitoyltransferase 
21 

Palmitoylates (covalently attaches FA to cysteines) sex steroid 
hormone receptors. Controls their targeting to the plasma mem. 

0.63 0.0446

MED6 Mediator Complex Subunit 6 Part of Mediator complex. Coactivator in transcription of nearly all 
RNA polymerase II-dependent genes.

0.61 0.0135

NCF2 Neutrophil Cytosolic Factor 2 Subunit of the multi-protein NADPH oxidase complex found in 
neutrophils.

0.60 0.049

BTAF1 B-TFIID TATA-Box Binding Protein Associated 
Factor 1 

Form the B-TFIID complex needed for transcription initiation of 
genes by RNA polymerase II. 

0.60 0.0323

ALDH1A3 Aldehyde Dehydrogenase 1 Family Member 
A3 

Cytosolic enzyme. Involved in alcohol metabolism and controls 
metabolic responses to high fat diet.  

0.59 0.0178
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Table 3: List of miR-1-3p Target Gene Functions and Statistics 

 

 

 

 

 
 
 
 
 
 
 
 

Gene Symbol Gene Name Gene Function Log FC Adj p-value 

WDR1 WD Repeat Domain 1
Protein-protein interactions. Involved in cytokinesis and 
mycoardium sarcormere organization. Induces diassembly of actin 
filaments. 

1.34 0.0070

TAGLN2 Transgelin 2 Marker of differentiated smooth muscle.  Likely a tumor 
suprressor. 

1.28 0.0090

ANXA4 Annexin IV 
Ca-dependent phospholipid binding protein. Involved in 
membrane-related events (e.g. exocytosis and endocytosis). 
Exclusively expressed in epithelial cells. 

1.24 0.0028

PPIB Peptidylprolyl Isomerase B Cyclosporine-binding protein of ER. May regulate 
immunosuppression. 

1.01 0.0129

SRSF9 Serine and Arginine Rich Splicing Factor 9 Serine/arginine (SR)-rich family of pre-mRNA splicing factors. 
Involved in mRNA export from nucleus and translation. 

0.99 0.0053

LASP1  LIM and SH3 Protien 1 LIM protein and nebulin family of actin-binding proteins. Linked to 
cancers. 

0.94 0.0188

TSPAN4 Tetraspanin 4 Cell-surface proteins. Regulates cell development, activation, 
growth and motlity. 

0.78 0.0029

SMARCB1 
SWI/SNF Related, Matrix Associated, Actin 
Dependent Regulator of Chromatin, 
Subfamily B, Member 1. 

Part of complex that relieves repressive chromatin structures. 
Tumor suppressor.  

0.74 0.0124

SNX2 Sorting Nexin 2 Part of retromer complex involved in endocytic pathway. 0.57 0.0349

CNN3 Calponin 3 
Contain tandemly repeated motifs. Associated with cytoskeleton. 

0.56 0.0113

ADPGK ADP Dependent Glucokinase Catalyzes ADP-dependent phosphorylation of glucose. Plays role in 
glycolysis during ischemic conditions. 

0.54 0.0364

SEC22B SEC22 Homolog B, Vesicle Trafficking 
Protein 

SEC22 vesicle trafficking protein. Plays role in ER-Golgi protein 
trafficking. 

0.54 0.0323

MPP5  Membrane Palmitoylated Protein 5 Plays role in polarization of differentiating cells. 0.53 0.0393

ARCN1 Archain 1 Intracellular protein. Well-conserved in eukaryotes. Likely involved 
in vesicle structure or trafficking. 

0.52 0.0233

CLTC  Clathrin Heavy Chain Major protein of coated vesicles or pits. Involved in intracellular 
traffficking of receptors and endocytosis. 

0.50 0.0480

MEX3C Mex-3 RNA Binding Family Member C Protein interacts with mRNA and KH domains. Polymorphisms in 
gene contributes to HTN.

0.36 0.0230

NFAT5 Nuclear Factor of Activated T Cells 5 Role in gene transcription during immune response. 0.27 0.0366
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