
UC Riverside
UC Riverside Electronic Theses and Dissertations

Title
KLF2 Upregulates miR-483 to Modulate Endothelial Function

Permalink
https://escholarship.org/uc/item/1nb1k3fg

Author
Woo, Brian Justin

Publication Date
2013
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1nb1k3fg
https://escholarship.org
http://www.cdlib.org/


 

 

 
 

UNIVERSITY OF CALIFORNIA 
RIVERSIDE 

 

 

KLF2 Upregulates miR-483 to Modulate 
Endothelial Function 

 

A Thesis submitted in partial satisfaction 
of the requirements for the degree of 

 

Master of Science 

in 

Cell, Molecular, and Developmental Biology 

by 

 

Brian Justin Woo 

 

December 2013 

 

 

 

 

Thesis Committee:  

Dr. John Y-J. Shyy, Chairperson  
Dr. David Johnson 
Dr. Kathryn DeFea 

 
 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Copyright by 
Brian Justin Woo 

2013 
 

  



 

 

 

The Thesis of Brian Justin Woo is approved: 

 

___________________________________________ 

 

___________________________________________ 

 

___________________________________________ 

Committee Chairperson 

 

 

University of California, Riverside 

  



iv 
 

Acknowledgements 

I would like to thank my research advisor, Dr. John Y.-J. Shyy,for his guidance 

and support.  I would also like to thank Dr. David Johnson and Dr. Kathryn DeFea 

who have graciously served on my Thesis Committee.  I am also very thankful for 

all my colleagues and friends who have shared valuable knowledge and advice 

through these years: Dr. Traci Marin, Dr. Brenan Gongol, Dr. Zhen Chen, Dr. Wei 

Sun, Dr. Wei Wu, Dr. Han Xiao, Dr. Liang Wen and Marcy Martin. 

  



v 
 

ABSTRACT OF THE THESIS 

KLF2 Upregulates miR-483 to Modulate Endothelial Function 

by  

Brian Justin Woo 

 
Master of Science, Graduate Program in  

Cell, Molecular, and Developmental Biology 
University of California, Riverside, December 2013 

Dr. John Y.-J. Shyy, Chairperson  
 

KLF2, originally named lung kruppel-like factor (LKLF), is a zinc finger 

transcription factor that is heavily involved in vascular development. Recent 

studies have identified this shear stress responsive gene as a key regulator of 

endothelial function by modulating endothelial quiescence and vascular tone. 

Key molecules involved in vascular function such as endothelial nitric oxide 

synthetase (eNOS) and thrombomodulin have been demonstrated to be direct 

downstream targets of KLF2. Furthermore, KLF2 upregulation is also associated 

with downregulation of adhesion molecules and inflammatory cytokines providing 

an atheroprotective effect. Like other members of the KLF family, KLF2 binds the 

DNA motif ‘CACCC’ to regulate expression of downstream targets. In vivo, KLF2 

is upregulated by pulsatile shear stress conferring an atheroprotective effect. The 

HMG-CoA reductase inhibitor, statin, has also been shown to upregulate KLF2 

via an AMPK dependent mechanism. 

We hypothesize that the KLF2 can directly regulate miRNA expression through 

binding of regulatory regions to promote or repress transcription. The change in 
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miRNA expression can be one means by which KLF2 promotes an 

atheroprotective effect. Towards this end, we performed a genome wide search 

for putative KLF2 binding sequences within the regulatory regions of shear stress 

responsive miRNAs. In this study, we show that miR-483 is upregulated by 

pulsatile shear stress, statin treatment, as well as KLF2 overexpression. 

Furthermore, we hypothesize that the upregulation of miR-483 can result in 

transcriptional repression of a subset of KLF2 responsive genes. Angiotensin 

Converting Enzyme (ACE) is key enzyme in the rennin-angiotensin system 

responsible for regulation of blood pressure via the cleavage of the Angiotensin I 

to the active peptide, Angiotensin II. Akt2 is a serine/threonine kinase that is 

involved in cell functions including proliferation, growth, and inflammation. 

Bioinformatics predictions as well as preliminary data have demonstrated that 

these genes could be a potential target of miR-483. 
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Chapter 1: Introduction 

 

1.1 Cardiovascular Disease and Atherosclerosis 

Cardiovascular diseases (CVDs) are the primary cause of death 

worldwide. A study by the World Health Organization (WHO) estimated that 

approximately 17 million people died from CVDs in 2008. The majority of these 

cases were associated with atherosclerosis and resulted in either coronary heart 

disease or stroke (1).  

Atherosclerosis is a chronic inflammatory disease characterized by the 

accumulation of lipid rich plaques in the intima of the vessel wall (2). Often times 

an asymptomatic disease, atherosclerosis can progress throughout childhood 

and adolescence but continue undiagnosed for decades (3). The development of 

stable plaques, which are less prone to rupture, result in stenosis which can 

disrupt blood flow to essential tissues (4).  A classic example is the buildup of 

plaques within the coronary arteries which can reduce blood flow to the heart and 

consequently leads to heart failure (5). Conversely, atherosclerotic plaques 

comprised mainly of macrophages are more susceptible to rupture and can 

release thrombogenic material ultimately leading to acute myocardial infarction 

(6, 7).  The development and progression of atherosclerosis has been linked to a 

number of risk factors such as high cholesterol, hypertension, and diabetes (3, 

8).  In individuals with hypertension and/or hyperglycemia, it is postulated that the 

increased progression of atherosclerosis may be caused by a dysfunctional 
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endothelial layer which is characterized by altered cell growth and survival, 

increased vascular permeability, enhanced leukocyte recruitment, and increased 

reactive oxygen species production (9). 

The progression of atherosclerosis is complex, involving a number of processes 

mediated primarily by the three layers of the blood vessel comprised of different 

cell types. The tunica intima is comprised of a single layer of endothelial cells 

(ECs), which are critical regulators of vascular homeostasis (10). In addition to 

responding to external signals, such as growth factors and cytokines, ECs can 

also respond to hemodynamic forces imposed by blood flow (11, 12). Initial 

observations of patients with atherosclerosis have provided key evidence that 

atherogenesis does not occur uniformly within the vessel (13, 14).  Specifically, 

atheroprone areas are found at bifurcations in the arterial tree, where blood flow 

is more turbulent (15, 16). Consequently, a number of well-established studies 

have demonstrated that unidirectional laminar flow is an essential regulator of 

endothelial cell homeostasis and further perturbations of EC homeostasis results 

in upregulation of inflammatory molecules that facilitate the recruitment of 

circulating monocytes into the intima of the vessel (17). Upon entry of the arterial 

wall, the monocytes differentiate into macrophages and begin to uptake 

cholesterol-containing lipoproteins within the sub-endothelial space. Under 

normal conditions, macrophages can facilitate the transport of cholesterol to the 

liver using a process known as “reverse cholesterol transport” (18). However, 

under pathophysiological conditions, low-density lipoprotein (LDL) particles can 
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be oxidized to form ox-LDL, a pro-inflammatory molecule (19, 20). Excessive 

uptake of ox-LDL results in cholesterol-rich macrophages called foam cells, 

which constitute a key component of the atherosclerotic plaque (21, 22). 

Excessive uptake of ox-LDL by foam cells can lead to apoptosis and deposition 

of excessive cholesterol in the arterial wall, resulting in a positive feedback loop 

that promotes additional recruitment of inflammatory cells (23). The outer layer of 

the vessel is composed of VSMCs which also play a role in formation of the 

plaque as well as plaque stability (24). Similar to the other tissues, VSMCs can 

also respond to external cues, specifically inflammatory cytokines, which under 

pathophysiological conditions promote trans-differentiation to the fibrotic 

synthetic phenotype, resulting in increased proliferation and deposition of 

extracellular matrix (ECM), which ultimately contributes to the development of the 

advanced atherosclerosis lesion (25, 26). Later phases of atherosclerosis also 

include recruitment of T cells that also secrete inflammatory cytokines, which can 

further exacerbate the condition (27). 

 

1.2 Vascular Dysfunction: A Disruption of Endothelial Homeostasis 

A growing body of evidence has suggested that the initiation and underlying 

cause of atherosclerosis is mediated by a dysfunctional endothelial cell layer 

(28). Although it has been known for some time that high shear stress promotes 

an atheroprotective effect, the molecular basis of this was not uncovered until 

2002. In addition to demonstrating that shear stress could regulate a panel of 
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endothelial cell genes, the authors identified Lung Kruppel-like factor (LKLF/ 

KLF2 as the first EC transcription factor that is differentially expressed in 

response to hemodynamic forces (29). Although previous findings had implicated 

this zinc finger transcription factor as essential for proper vascular development, 

subsequent work has demonstrated that KLF2 is also critical in mediating the 

endothelial response to shear stress by regulating the expression of key 

molecules that mediate endothelial function (30-35). The role of KLF2 will be 

discussed further in the next sections.  

 

1.3 Statins: The Treatment for Atherosclerosis 

The most commonly prescribed treatment for atherosclerosis is statins, which in 

addition to lowering LDL-cholesterol levels, has been shown to decrease the 

incidence of cardiovascular events (36, 37). Derived from compounds first 

identified in fungi, statins lower cholesterol levels by inhibiting 3-hydroxy-3-

methyl-glutaryl-CoA reductase (HMG-CoA reductase), the rate limiting enzyme 

which mediates the conversion of HMG-CoA to mevalonic acid in the mevalonate 

synthesis pathway (38). A large number of clinical trials have been conducted to 

determine the efficacy of statin treatment as a preventative measure for CVD. 

The JUPITER trial (Justification for the Use of Statins in Primary Prevention: An 

Intervention Trial Evaluating Rosuvastatin trial) provided evidence that statin 

therapy may provide benefits to patients with normal LDL levels and no known 
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incidence of cardiovascular disease, suggesting that statin treatment provided 

additional benefits in addition to lowering cholesterol levels (39, 40). 

Because the use of statins has been shown to have a number of beneficial 

pleiotropic effects, follow up studies were performed and have provided evidence 

that it can modulate a number of critical pathways in vascular biology (41). These 

studies show that through depletion of mevalonate and its downstream products, 

specifically geranygeranyl pyrophosphate (GGPP), inhibition of HMG-CoA 

reductase leads to upregulation of the atheroprotective transcription KLF2 in 

endothelial cells in a manner that may mimic the effects of atheroprotective shear 

stress. Furthermore, the ability of statins to regulate KLF2 has also been 

documented in T cells and is responsible for reducing the inflammatory and 

pathogenic response mediated by T cell activation (42-44). Taken together, 

statins have the ability to modulate endothelial function and suppress 

inflammatory processes in leukocytes, which provides additional benefits in 

addition to their cholesterol lowering effects. 

 

1.4 The Cardiovascular System 

 The cardiovascular system is responsible for transporting oxygen and essential 

nutrients to peripheral tissues and facilitates the removal of waste products. In 

order to do this effectively, it must be able to properly regulate blood pressure. 

Blood pressure, which oscillates between the systolic and diastolic pressure, is 

defined as the pressure exerted by the circulating blood upon the vessel wall and 
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is dependent on two main factors: cardiac output of the heart and the peripheral 

resistance of the vasculature. Arterial pressure is a function of a blood volume, 

viscosity and peripheral resistance. Although each of these parameters can 

independently affect blood pressure, many of the observed changes in the body 

occur synergistically to maintain vascular homeostasis. Chronic hypertension or 

high blood pressure increases risk for a number of vascular including aneurysms, 

ischemic heart disease, and stroke. In most patients with primary hypertension, 

the underlying cause is attributed to an increase in peripheral resistance as 

opposed to changes in cardiac output. Hypotension, or low blood pressure, can 

be caused by loss of blood resulting in insufficient perfusion of essential tissues. 

Therefore, the regulation of arterial pressure is critical for proper circulation of 

blood. 

Because resistance is inversely proportional to the radius to the fourth power, 

factors that act on the vessel can contribute significantly to the regulation of 

arterial pressure. In addition to being regulated by sympathetic innervation of the 

heart to regulate output, blood pressure can also be regulated by the secretion of 

hormones that can modulate peripheral resistance by stimulating 

vasoconstriction or vasodilation of the local VSMCs. Earlier studies of the 

interactions between ECs and VSMCs have shown that many of these processes 

are dependent upon the production of nitric oxide (NO), an endothelium-derived 

relaxing factor, which diffuses into the VSMCs to promote vasodilation (45). A 

number of paracrine factors such as acetylcholine promotes endothelial-
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dependent vasodilation through activation of eNOS and prostaglandin production 

(46). Secretion of adrenergic hormones, such as Norepinephrine and 

Epinephrine, by the adrenal medulla during times of stress can also increase 

blood pressure (47). Interestingly, the mechanism varies due to the expression of 

specific adrenergic receptor on the respective tissues. In the heart, which only 

expresses the β-adrenergic receptor, epinephrine increases heart rate and stroke 

volume through activation of adenylate cyclase (48). However, in the vasculature, 

the activation of the β-adrenergic receptor causes vasodilation, whereas the 

activation of the α-adrenergic receptors causes vasoconstriction. Because the 

affinity of epinephrine for beta receptors is greater, lower doses promote 

vasodilation. Synergistic regulation of vascular resistance by ECs and VSMCs 

allow the vessel to adapt and respond to external stimuli to maintain arterial 

pressure. 

 

1.5 Angiotensin Converting Enzyme and Angiotensin II 

The Renin-Angiotensin System (RAS) is a crucial regulator of blood pressure and 

fluid homeostasis (49-51). The main effector molecule in this pathway is 

Angiotensin II (AngII), a small peptide hormone, which can bind to the 

Angiotensin II Type 1 receptor (AT1R) of ECs and VSMCs to promote 

vasoconstriction (52). The biologically inactive precursor molecule 

angiotensinogen is synthesized in the liver and is cleaved into angiotensin I by 

renin in the kidney (53). It is subsequently cleaved into its active form, AngII, by 
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angiotensin converting enzyme (ACE) which is present on the surface of the 

endothelium. Ensuing cleavage of AngII by angiotensin converting enzyme 2 

(ACE2) yields angiotensin(1-7), which decreases the local AngII concentrations 

and provides an antagonistic effect through activation of Mas receptor (54). In 

addition to cleaving AngII, ACE has also been shown to cleave and promote the 

degradation of bradykinin, a potent endothelium-dependent vasodilator through 

production of NO (55). Because local AngII production is dependent on ACE 

activity, the expression and distribution of ACE along the vessel is crucial in 

determining local concentrations of AngII (56). 

Angiotensin II exerts numerous effects on the cardiovascular system. In VSCMs, 

activation of AT1R, a GPCR coupled to Gq/11, causes an increase in intracellular 

calcium, which binds to calmodulin, resulting in activation of myosin light chain 

kinase, which can then phosphorylate light chains on the myosin head to 

increase tension resulting in vasoconstriction (57, 58). In addition to activation of 

protein kinase C (PKC) via increased intracellular calcium, AT1R activation has 

also been demonstrated to activate a myriad of intracellular signaling cascades 

including mitogen-activated protein kinase (MAPK), PI3K/Akt, JAK/STAT (59). 

Because ROS production by NADPH oxidases functions as a secondary 

messenger in the Angiotensin II signaling pathway to activate redox sensitive 

kinases, excessive signaling by AngII can have pathophysiological effects. These 

include endothelial dysfunction by decreasing NO bioavailability and activating 

signaling cascades involved in vascular inflammation resulting in vascular 
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remodeling (60-63).  In addition to its effects on the vessel, AngII can also 

synergistically modulate blood pressure through alternative mechanisms. For 

example, AngII can synergistically increase pressure by regulating secretion of 

aldosterone from the adrenal cortex, which acts on the nephrons in the kidneys 

to increase fluid retention (64).  In mouse models, chronic AngII infusion in ApoE-

null mice in combination with high fat diet can significantly increase the severity 

of the atherosclerotic plaque. (65). Although AngII was originally identified by its 

ability to promote vasoconstriction, its ability to promote atherogenesis by 

promoting endothelial dysfunction is also an active area of investigation (66). 

Although life style modifications such as dietary changes and exercise have been 

shown to be useful in modulating hypertension, the majority of people still require 

one or more drugs to control their hypertension (67). Commonly prescribed 

medications include a combination of ACE inhibitors (68, 69) or AT1R inhibitors 

which directly modulate the RAS system (70), calcium channel blockers (71), and 

β-adrenergic blocking agents (72). Interestingly, ACE inhibitors have also  been 

shown to decrease the progression of atherosclerosis providing additional 

evidence that excessive AngII can promote endothelial dysfunction and 

contribute to the progression of atherosclerosis (73). 

 

1.6 Akt/mTOR: A Regulator of Cell Growth and Proliferation 

By integrating a number of signals from receptors, intracellular signaling 

cascades provide a mechanism by which cells can respond to their external 
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environment. Akt is a serine/threonine kinase that is ubiquitously expressed and 

is a critical regulatory in cellular processes involved in growth, proliferation, and 

cell survival (74). Akt has three highly related isoforms (Akt1, Akt2, and Akt3) 

which have a number of overlapping and distinct functions (75). Akt is activated 

by a number of receptor tyrosine kinases (RTKs) via a PI3K dependent 

mechanism where PIP2 is phosphorylation to form PIP3 (76). This process 

facilitates the recruitment of Akt to the cell membrane where it is subsequently 

phosphorylated by Phosphoinositide-dependent kinase-1 (PDK1) at T308 and 

Rictor-mTOR Complex at S473 (77). The most well-known activators of the 

PI3K/Akt pathway is IGF-1 and insulin, which can regulate cellular growth and  

cellular energy and metabolic processes, respectively (74, 78). It is unsurprising 

then that aberrant activation of Akt, resulting in uncontrolled cellular proliferation, 

is commonly observed in a number of cancers (79, 80).  

Akt is a versatile kinase and has been known to phosphorylate a number of 

downstream substrates to modulate cellular functions. The most important of 

these downstream effectors molecules is mTOR complex 1 (mTORC1) (81, 82).  

This pathway involves the phosphorylation and inactivation of tuberous sclerosis 

complex 2 (TSC2), a GTPase activating protein for Rheb, which when under the 

GTP bound state is associated to and can activate mTORC1 (83). Other notable 

targets of Akt include: Mdm2, an upstream regulator of the p53 pathway (84), the 

FOXO family of transcription factors (85), eNOS to promote NO production (86), 

and GSK3 to inhibit its kinase activity (87, 88). Moreover, studies have showed 
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that Akt/mTOR can also play a role in regulating the activation of NFκB through 

phosphorylation of the upstream kinase IκB kinase (IKK) (89). Taken together, 

Akt can phosphorylate a number of key molecules to modulate cellular functions 

such as growth, energy metabolism, and inflammation. 

 

1.7 NFκB: A Regulator of Inflammation 

The occurrence of pain, heat, redness, and swelling are classic signs of 

inflammation, the process by which the neighboring tissues recruit cells of the 

innate immunity to respond to injured or damaged cells, foreign pathogens, or 

irritants. The detection of foreign entities is mediated by local tissues, which can 

respond by releasing cytokines that recruit leukocytes (90).  A central mediator of 

this process is the nuclear factor kappa-light-chain-enhancer of activated B cells 

(NFκB) heterodimer, normally comprised of p65 and p50 (91, 92). The NFκB 

complex is a critical signaling hub that integrates a number of danger signals, 

such as DNA damage as a result of ionizing radiation and ROS, and has been 

implicated in the development of cancer and inflammatory diseases (93, 94). In 

addition to responding to foreign entities, specifically Pathogen-associated 

molecular pattern (PAMPs) and Damage-associated molecular pattern molecules 

(DAMPs) (95-97) via activation of the Toll-like receptors (TLRs), NFκB is also 

activated by numerous endogenous ligands including tumor necrosis factor alpha 

(TNF-α) and Interleukin-1 beta (IL-1β). NFκB is often categorized as a rapid 

acting transcription factor that is present in almost all cell types (91). In the 
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absence of a signal, it is inactive and sequestered by the nuclear factor of kappa 

light polypeptide gene enhancer in B-cells inhibitor, alpha (IκB) (98). In the 

presence of an activation signal, IkB is phosphorylated by the IκB kinase (IKK) 

complex and rapidly degraded. This allows the NFκB heterodimer to translocate 

into the nucleus and regulate downstream genes. NFκB activation results in 

increased production of IL-1β, a pro-inflammatory signal involved in the 

progression of atherosclerosis. In endothelial cells, NFκB activation is necessary 

for the recruitment of monocytes into sub-intimal space via upregulation of 

cellular adhesion molecules to promote cell-cell interactions (99). However, 

endothelium subjected to high laminar shear stress can suppress activation of 

NFκB through KLF2 (100). 

 

1.8 miRNA Biogenesis and Function 

MicroRNAs (miRNAS) are small noncoding RNAs that are endogenously 

expressed and function at the post-transciptional level to repress transcription by 

either blocking translation or promoting the degradation of the target mRNA 

(101). Originally identified in C. elegans in 1993 by Victor Ambros (102), the 

importance of miRNAs was not recognized until 2000, when let-7 was 

characterized and found to be conserved and expressed in many species (103). 

miRNAs are typically found in intergenic regions, however, a number of them are 

located within the intron of protein coding genes and are therefore co-transcribed 

with the genes. Once transcribed, the pri-miRNAs typically take on a stem-loop 
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type secondary structure, which undergoes processing by Drosha into a pre-

miRNA. Next, it is exported into the cytosol where it is recognized by the Dicer 

complex, which cleaves it into a miRNA/miRNA* duplex which is approximately 

22 nucleotides long. Typically one strand is preferentially incorporated into the 

RNA-Induced Silencing Complex (RISC), where it can function by recognizing 

complementary mRNAs to suppress translation either by promoting mRNA 

degradation or translational inhibition (104). As loading the incorrect strand could 

cause silencing of the wrong genes, miRNA duplexes have evolutionary pressure 

to ensure that the correct one is incorporated into the RISC. This process is 

intrinsic to the structure of the small RNA duplex and mechanistic studies have 

determined that the major determinant is in the thermodynamic stability of the 

duplex (105, 106). miRNA recognition of its target complimentary sequence has 

been shown to be heavily dependent on the 2-7 bases at the 5’ end, known as 

the seed sequence and it is possible for a single miRNA to potentially target 

hundreds of genes (107). In some instances of both the miRNA and miRNA* 

have been detected in cell/tissues samples by high throughput sequencing and it 

is therefore believed that both can play a role in suppression of downstream 

targets. Based on the naming convention, these have been further categorized 

as originating from either the 5' and or 3' end of the miRNA and are therefore 

named with the suffix 5P and 3P (108). The algorithms used to predict miRNA 

targets rely on recognition of the seed sequence and take into account additional 

factors, such as sequence conservation of the target amongst related species 
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(109). Although the majority of miRNA sites found to date involve those found in 

the 3’ UTR of genes, recent evidence has also shown that miRNAs can also 

target within the CDS to suppress translation. Thus expression of miRNAs 

provide an additional layer of gene regulation to modulate cellular processes. 

 

1.9 Purpose of Study 

The purpose of our study is to investigate the role of miRNAs in vascular health, 

specifically those that may be differentially regulated by atheroprotective flow 

and/or statin treatment. Both of these stimuli converge on KLF2, a transcription 

factor necessary for regulating vascular tone, maintaining endothelial cell 

quiescence, and suppressing inflammation. Because miRNAs can be regulated 

in a manner similar to protein coding genes, we postulate that KLF2 can regulate 

a panel of miRNAs, whose function is to post-transcriptionally suppress 

expression of genes involved in the respective pathways. In Section 2, we 

provide evidence that KLF2 can upregulate a miRNA, miR-483, in vitro and this 

phenomenon is through direct interaction with its promoter sequence. In Section 

3, we provide some evidence that exogenous expression of miR-483 can 

suppress expression of ACE, the protease responsible for generating AngII from 

its precursor molecule AngI. We also provide some evidence that miR-483 can 

suppress expression of Akt2, which is known to play a role in modulating the 

mTOR pathway, which in turn can modulate the NFκB pathway.  
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Chapter 2: KLF2: A regulator of Endothelial Cell Function 

2.1 Introduction 

Kruppel-Like Factor 2, originally known as Lung Kruppel-Like Factor, was first 

identified in 1995 as a zinc finger homolog to the previously identified Erythroid 

Kruppel-like factor (EKLF/KLF1) (110). Using a knockout mouse model 

approach, two independent groups demonstrated that loss of KLF2 is 

embryonically lethal at approximately E12.5 due to abnormal vascularization, 

resulting in severe hemorrhaging. In the study by Kuo et al., the authors noted 

the cause was due to abnormalities in blood vessel morphology a consequence 

of an abnormally thin tunica media (111). In the study by Wani et al., the authors 

used KLF2-null homozygous embryonic stem cells to generate chimeric mice and 

revealed that these cells could contribute to all major organs except lung, 

providing evidence that KLF2 is necessary for proper lung development (112). 

Simultaneously, other groups also provided evidence that KLF2 also plays a role 

in regulating T cell quiescence and is differentially regulated by cytokine 

stimulation (113-115). In 2002, the study by Dekker et al. provided conclusive 

evidence that KLF2, which had already known to be involved in blood vessel 

formation, was also differentially regulated by vascular shear stress and is a key 

mediator of endothelial function (29, 31). These early experiments provide 

conclusive evidence that KLF2 is critical role during early development and 

functions broadly in cells of the hematopoietic lineage. 
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In the subsequent years, numerous groups have attempted to decipher the 

function of KLF2 in cells within the hematopoetic lineage. Because many of these 

initial observations were made in lungs and vascular tissues, much of the 

subsequent work has focused on the role of KLF2 in endothelial cells. In addition 

to being upregulated by shear stress, the study by SenBanerjee et al. also 

showed that KLF2 is suppressed by the inflammatory cytokine, IL-1β. 

Interestingly, the study also provided evidence that exogenous expression of 

KLF2 could suppress activation of NFκB in response LPS and TNF-α resulting in 

a negative feedback loop (100). In the study by Bhattacharya et al., the authors 

showed that KLF2 could suppress VEGF-A mediated angiogenesis by 

downregulating VEGFR2 to suppress Ca2+ influx (34). Simultaneously, KLF2 

has been shown to be a regulator of HIF-1α by decreasing its expression, 

resulting in suppression of angiogenesis (116). A follow up study by Dekker et al. 

showed that both shear stress and exogenous expression of KLF2 could regulate 

genes involved in vascular tone, specifically ACE, endothelin-1, adrenomedullin, 

and endothelial nitric oxide synthase using an in vitro shear system and an in 

vivo Murine Carotid Artery Collar Model (117). Another independent group 

confirmed the regulation of eNOS, and also showed KLF2 as a regulator of 

thrombomodulin, which is essential for maintaining an antithrombotic endothelial 

surface (35). A comprehensive study using a zebrafish model provided 

conclusive evidence that KLF2 expression was dependent on proper blood flow, 

and simultaneously provided further evidence that KLF2 expression globally 
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modulates NFκB function, specifically by inhibiting IL-1β–mediated endothelial 

activation (32).  Additional studies have also shown that KLF2 can modulate a 

number of critical intracellular pathways such as the transforming growth factor β 

(TGF-β) pathway via induction of Smad7, which results in decreased Smad2 

phosphorylation (118, 119). KLF2 is demonstrated to be essential for shear 

stress–induced cell alignment through inhibition of JNK signaling (120). 

Collectively, these studies provide evidence that KLF2 can regulate numerous 

endothelial functions either through direct transcription regulation of downstream 

genes or by modulating critical molecules in signaling networks to prevent 

endothelial dysfunction. 

As a zinc-finger transcription factor, KLF2 acts primarily through expression of its 

downstream targets. Like other members of the KLF family, KLF2 binds the DNA 

motif ‘CACCC’ to regulate expression of downstream targets (121). The most 

well studied molecules that are transcriptionally upregulated by KLF2 are 

endothelial nitric oxide synthetase (eNOS) and thrombomodulin (TM), which 

regulate vascular tone and inhibit thrombus formation respectively (30, 35). 

eNOS plays a critical role in regulating vascular function by catalyzing the 

production of nitric oxide (NO) from L-arginine (122). NO is critical for maintaining 

vascular homeostasis by modulating vascular tone in VSMC. This process 

involves diffusion of NO to activate guanylate cyclase, resulting in production of 

cGMP and activation of cGMP-dependent protein kinase/Protein Kinase G (PKG) 

(123-125). KLF2 induction is also associated with suppression of adhesion 
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molecules and inflammatory cytokines providing an atheroprotective effect. 

Examples of these molecules include monocyte chemotactic protein-1 

(MCP1/CCL2), which facilitates the recruitment monocytes to the vessel. Other 

molecules include vascular cell adhesion protein 1 (VCAM1) and intercellular 

adhesion molecules (ICAM), which can interact with adhesion molecules on the 

surface of the monocytes to facilitate entry into the vessel wall (100). 

The transcriptional regulation of KLF2 by shear stress has been shown to be 

mediated by a number of factors. Rapid and sustained activation of AMP-

activated protein kinase (AMPK) has been shown to be essential to the 

transcriptional regulation of KLF2 through an ERK5/MEF2 dependent pathway 

under shear stress conditions (126). Another study has showed that KLF2 

transcriptional regulation is dependent on nucleolin, a eukaryotic nucleolar 

phosphoprotein, which under shear is bound to the KLF2 promoter (127). 

Interestingly, it has been shown that statins can activate both AMPK and 

PI3K/Akt activation to mediate this response (128, 129). Likewise, treatment with 

AICAR, an AMPK activator, has been shown to upregulate KLF2 in fibroblasts 

and treatment with resveratrol, a known activator of SIRT1 and AMPK, has also 

been shown to be sufficient for KLF2 upregulation (130, 131). In addition, recent 

work has shown that KLF2 can also be post-transcriptionally suppressed by miR-

92, which is upregulated in atherprone conditions (132). Moreover, KLF2 can act 

through a similar mechanism in monocytes and T cells (133, 134).  
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2.2 Materials & Methods 

Cell Culture 

HUVECs were cultured in medium M199 (Gibco) supplemented with 15% FBS 

(Omega), 3 ng/mL β-EC growth factor (Sigma), 4 U/mL heparin (Sigma), and 100 

U/mL penicillin-streptomycin. HEK293 cells were cultured in DMEM containing 

10% FBS and 100 U/mL penicillin-streptomycin. 

 

Transfection 

Transient transfection was performed with Lipofectamine 2000 (Invitrogen). In 

brief, HUVECs at 50-70% confluency were transfected with 20nM control siRNA 

or KLF2 siRNA (Qiagen) were transfected using Lipofectamine 2000 for 4-6 

hours in Opti-mem (Invitrogen) and then replaced with regular medium. RNA or 

protein lysate are collected after 48 hours. 

 

Quantitative RT-PCR 

Total RNA was isolated with TRIzol reagent (Invitrogen) following manufacture 

protocol. Reverse transcription was carried out with 1 μg of total RNA using M-

MLV Reverse Transcriptase (Promega). The synthesized cDNA was used to 

perform real-time quantitative PCR (qPCR) with the iQ SYBR Green supermix 

(Bio-Rad) on the CFX96 PCR detection system (Bio-Rad). 
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qPCR was performed to measure the level of miR-483-3P and miR-483-5P with 

the TaqMan miRNA assay kit according to the manufacturer’s protocol (Applied 

Biosystems) using the CFX96 PCR detection system (Bio-Rad). 

 

Western Blot Analysis 

Cells were washed once with 1X PBS and lysed using Western Blot Lysis Buffer. 

50ug of protein lysates from ECs were resolved on 8% SDS-PAGE, and proteins 

were transferred to PVDF membrane at 4° overnight. The blot was blocked in 5% 

milk in TBST for 1 hour and washed 3X in TBST. The blot was incubated in 1:500  

ACE 1°antibody (Abcam) and  1:2000 1°β-actin (Santa Cruz) at 4°overnight. The 

blot was then incubated in 1:5000 2° antibody with either anti-rabbit or anti-

mouse HRP-linked IgG for 2 hours and then washed 3X in TBST.  Detection was 

performed using Immobilon Western Chemiluminescent HRP Substrate 

(Millipore). 

 

Chromatin Immunoprecipitation (ChIP) 

Cells for ChIP were treated with formaldehdye to a final concentration of .75% for 

10 minutes followed by the addition of glycine to a concentration of 125 mM. 

Cells were washed with cold PBS and collected in 750 µl FA Lysis Buffer (50 mM 

HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8, 1% Triton X-100, 0.1% 

Sodium Deoxycholate, 0.1% SDS, with Protease Inhibitors (Roche) per 107  cells. 

Cells were sonicated using Bioruptor (Diagenode) for 20 minutes. The Chromatin 
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samples were diluted 1:10 in RIPA Buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 

2 mM EDTA pH 8, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS, and 

Protease Inhibitors). 2ug of antibody was added to the sample with 20 µl of 

Dynabeads (Invitrogen) and then incubated on a rotor at 4° overnight. Samples 

were washed 3X with Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA pH 

8, 150 mM NaCl, 20 mM Tris-HCl pH 8) and 1X with Final Wash Buffer (0.1% 

SDS, 1% Triton X-100, 2 mM EDTA pH 8, 500 mM NaCl, 20 mM Tris-HCl pH 8), 

followed by elution in 120 µl Elution Buffer(1% SDS, 100 mM NaHCO3). Elute 

was treated with RNase A (.5mg/mL) at 65° for 4-5 hours and purified using a 

PCR Purification Kit (Qiagen). Sample were then subjected to qPCR using with 

the iQ SYBR Green supermix (Bio-Rad) on the CFX96 PCR detection system 

(Bio-Rad). 

 

Luciferase Assay 

HEK 293 are seeded in 12-well plates and transfected at 50-70% with 200 ng 

Lucifererase Construct and 50ng pRL-TK (Renilla Luciferase) for normalization.  

Cells lysate are collected after 48 hours and luciferase is assessed using Dual-

Luciferase® Reporter Assay System (Promega) following manufacture protocols. 

For promoter studies, the promoter region is cloned into pGL4.17 (Promega) and 

for assessing miRNA function, the binding sequence is cloned into pMIR-

Luciferase (Ambion). 
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2.3 Results 

Because KLF2 is upregulated in response to laminar shear stress and statin, we 

first examined the effect of prolonged shear stress and statin treatment on IGF2 

and miR-483 expression in HUVECs. As shown in Fig.2-1, these stimuli 

increased expression of both IGF2 and miR-483. Next, we used an adenovirus 

vector expressing KLF2 to demonstrate that KLF2 overexpression was sufficient 

to increase IGF2/miR-483 expression. To determine if KLF2 expression was 

necessary for IGF2/miR-483 expression, we transfected HUVEC with 20 nM 

control or KLF2 siRNA and showed that this resulted in decreased expression of 

miR-483. Taken together, these results demonstrate that KLF2 is both necessary 

and sufficient to regulate IGF2/miR-483 in endothelial cells. 

To determine whether this effect is directly mediated by KLF2, we used 

Chromatin Immunoprecipitation (ChIP) followed by qPCR to determine the 

enrichment of KLF2 bound to the IGF2/miR-483 promoter. In brief, HUVECs 

were infected with Ad-KLF2 for 48 hours, and subsequently fixed and collected 

for ChIP. KLF2 overexpression demonstrated significant enrichment compared to 

the control as shown in Fig. 2-3. Further evidence demonstrated that KLF2 

overexpression was sufficient to induce luciferase activity in the reporter 

construct containing the IGF2/miR-483 promoter region. These results 

demonstrate that KLF2 is a direct regulator of the IGF2/miR-483. 
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2.4 Discussion 

Consistent with previously published results, we provide evidence that KLF2 is a 

direct regulator of miR-483 and its host gene IGF2. Although IGF2 has been 

shown to be a critical regulator of growth during periods of early development, its 

role in endothelial biology is still relatively unknown. Because it has been shown 

to be a gene commonly upregulated in cancers and can activate the PI3K/Akt 

pathway in a manner similar to insulin, its function in endothelial cells may be 

somewhat counter intuitive to the role of KLF2. However, it may be of interest to 

look at the effects of IGF2 on neighboring cells that are in contact with the 

endothelial layer, such as leukocytes or VSMCs. 
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2.5 Figures 

 

 

Fig. 2-1 Shear stress, statin, and KLF2 overexpression can increase 

expression of miR-483. Confluent monolayer of HUVECs were exposed to 

laminar shear stress at 12 dyne/cm2 for 16 hours (A), treated with atorvastatin 5 

umol/L (B), or treated with Ad-KLF2 at 5 and 10 MOI for 48 hours. HUVECs were 

transfected with 20 nM KLF2 siRNA for 48 hours. IGF2 was assessed using 

qPCR and miR-483 expression was assessed using Taqman miRNA assay. 
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Fig. 2-2 IGF2/miR-483 is a downstream target of KLF2. Confluent monolayers 

of HUVECs were infected with Ad-KLF2 10 MOI for 48 hours, fixed with 

paraformaldehyde and assessment of KLF2 association with the IGF2/miR-483 

promoter was performed using ChIP (A). The IGF2/miR-483 promoter was 

cloned in the pGL4.17 reporter plasmid and Luciferase assays were performed to 

determine the ability of KLF2 overexpression to increase IGF2 promoter activity 

as measured by Luciferase activity. 
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Chapter 3: miR-483: A Regulator of Endothelial Cell Function 

3.1: Introduction 

Role of miRNAs in Vascular Biology 

The identification of miRNAs as a novel RNA species provided additional insight 

into mechanisms that cells can utilize to fine tune gene expression (135). Since 

their discovery, numerous groups have performed miRNA profiling in the heart, 

vasculature, and plasma and after thorough and extensive functional analysis, 

many of these miRNAs have been implicated as critical regulators of cardiac 

and/or endothelial cell function. Furthermore, the discovery and profiling of 

circulating miRNAs has provided a basic framework for their use as biomarkers 

for various disease states (136, 137). Even more striking is that recent evidence 

has also shown that miRNAs can also be actively secreted to act on nearby cells 

which uptake miRNA containing microparticles to suppress expression of their 

targets in a paracrine manner (138, 139). Thus in addition to regulating 

intracellular functions, miRNAs can also work in a paracrine function to affect 

neighboring tissues. 

In ECs, miRNAs have been identified as key regulators of endothelial functions 

such as angiogenesis, inflammation, and growth and proliferation. Early 

approaches to elucidate the role of miRNAs centered on functions that were 

associated with loss of Dicer, a vital component of the miRNA biogenesis 

pathway. Utilizing this model, the authors observed apparent defects in 

angiogenesis, which provided evidence that miRNAs play a crucial role in 
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regulating this EC function (140, 141). Since then, a number of groups have 

focused on the function for many of the most abundantly expressed miRNAs. 

miR-126, which is highly expressed, has been found to be a key regulator of 

angiogenesis via suppression of SPRED1, a negative regulator of the MAPK 

pathway (142, 143). In the case of early vasculogenesis or pathological 

angiogenesis, miR-132 can mediate the suppression of p120RasGAP, which 

inactivates ras by enhancing its endogenous GTPase activity resulting in 

decreased ERK phosphorylation (144, 145). In response to hypoxia, let-7 and 

miR-103/107 is upregulated to suppress expression of Ago1 to promote 

angiogenesis (146). In the context of inflammation, expression of miR-181b is 

suppressed in response to TNF-α treatment to facilitate nuclear translocation of 

the NFκB heterodimer and activation respective pathway (147). Exposure to 

different flow patterns has also shown to modulate expression of miR-19, miR-

23, and miR-21 in ECs to regulate cell cycle progression and inflammation (148-

150). Lastly, two independent studies have shown that atheroprone flow can 

upregulate miR-92, which can suppress KLF2 and KLF4 to promote endothelial 

dysfunction (132, 151). Moreover, KLF2, as a transcription factor, has been 

shown to regulate a panel of atheroprotective miRNAs, the most studied of which 

is miR-143/145, which can suppress expression of ACE (139, 152, 153). These 

papers provide a basic framework demonstrating that miRNAs can provide an 

additional layer of regulation, allowing cells to respond to their environment to 
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post-transcriptionally suppress a panel of genes to modulate intracellular 

signaling. 

 

IGF2 / miR-483 

miR-483 is a miRNA located within the Insulin-like Growth Factor 2 (IGF2) gene 

located on chromosome 11p15.5 (154). IGF2 encodes for a protein similar to that 

of insulin and IGF1, and due to its similarity can activate both the insulin receptor 

and insulin-like growth factor 1 receptor (IGF1R) (155). In addition to be 

regulated by traditional mechanisms, IGF2 has also been identified as an 

imprinted gene that is expressed exclusively from the paternally derived allele 

(156, 157). IGF2 is a growth hormone that is predominantly expressed during 

gestation to regulate growth (158). As expected, loss of IGF2 using a knock-out 

mouse model approach yielded smaller yet relatively normal mice, which 

suggests that although it plays a major role in growth, it may not be essential 

(159). 

Dysregulation of IGF2/miR-483 has been shown contribute to a number of 

diseases. Increased expression of IGF2 and miR-483 through loss of imprinting 

is associated with tumor development and cancer (154, 160). Individuals with 

Beckwith-Wiedemann syndrome (BWS), a diseases caused by biallelic 

expression of IGF2 due to loss of imprinting, have a significantly increased risk of 

developing cancer and have abdominal wall defects and prepostnatal overgrowth 

(161-163). Indeed, transactivation of IGF2 in mouse models mimics the 
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symptoms observed in BWS providing evidence that IGF2 expression is sufficient 

to increase growth (164). 

Although much is known about IGF2 as a global mediator of cell growth, the role 

of IGF2/miR-483 in other cell types, specifically endothelial cells remains unclear. 

One study provides evidence that both IGF1 and IGF2 can promote endothelial 

differentiation from ES cells to endothelial precursor cells through stabilization of 

HIF-1α (165). A similar study shows that IGF2 is specifically responsible for 

endothelial progenitor cell recruitment for proper vascularization (166). Using 

microrarray experiments, IGF2 was demonstrated to be upregulated specifically 

by KLF2 overexpression and this phenomenon is also observed in cells exposed 

pharmacological stimuli that upregulate KLF2 (30). Experiments using miRNA-

microarray show differential expression of miR-483 in endothelial cells exposed 

to shear conditions, specifically atheroprotective flow, and bioinformatics 

predictions also provide supporting evidence that miR-483 is a downstream 

target of KLF2 (132, 148).  

A number of studies have provided evidence that miR-483 has function in a 

variety of cell types. Because early studies on miRNAs relied heavily on 

sequencing to discover and annotate individual miRNAs, it was not known 

whether these miRNA candidates were genuine. To address this, one study 

ectopically expressed a number of previously proposed miRNA hairpins, 

including miR-483, to demonstrate which hairpins could yield small RNAs with 

classical miRNA features (167). The study also shows that in some instances, 
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both strands of the miRNA duplex (later designated as -3p or -5p) can be 

incorporated into the RISC complex which may be dependent on some unknown 

factors. In endothelial cells, it has been demonstrated that miR-483-5p can 

regulate angiogenesis by targeting serum response factor, a member of the 

MADS box of transcription factors that regulate processes cell growth and 

differentiation (168). In epithelial cells, it has been shown that miR-483-3p can 

regulate MK167 and YAP1 to negatively regulate cellular proliferation (169). 

Similarly, in gliomas, the authors show that miR-483-5p can suppress 

proliferation by targeting ERK1, a member of the mitogen-activated protein 

kinases (170). In a pancreatic cancer model, it has been shown that miR-483-3p 

can suppress expression of Smad4, a member of the TGFβ signaling pathway 

(171). In another model, the authors showed that miR-483-3p is repressed by 

CTCF, but can be expressed independent of its host gene by trans-activation 

through β-catenin and functions in a negative feedback loop to suppress 

expression of β-catenin, a key modulator of the Wnt pathway (172). A recent 

paper has shown that miR-483-3P is a suppressor of IGF-1, a regulator cell 

growth and in the context of natural killer cells, development and cytotoxicity. 

Despite its host gene, IGF2, being commonly associated with increased growth 

and proliferation, it appears that based on the known established targets of miR-

483, this miRNA appears to have an opposing function. According to published 

results, miR-483 appears to be a negative regulator of growth and proliferation 

and in endothelial cells, a negative regulator of angiogenesis. Although this 
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contradicts with the known function of IGF2, many of these cellular functions are 

in line with the role of KLF2 in cells of the hematopoietic lineage. 

Because of the known role of KLF2, we propose to look targets of miR-483 

whose downreguation would mimic cellular functions that would be consistent 

with this notion. Here we explore two putative targets of mir-483, ACE and Akt2, 

which have the potential to modulate a number of endothelial cell functions. The 

first putative target we explored is ACE. As a regulator of local AngII levels, it has 

an essential role in regulating vascular function. In addition to being a relatively 

good candidate through the bioinformatics prediction, there was sufficient 

supporting evidence to suggest that it is a bona fide target, as it had previously 

been characterized as a shear-stress responsive gene downstream of KLF2 and 

no direct mechanism had been provided. Furthermore, ACE expression is found 

to be increased in atherosclerotic plaques, which suggests that its expression is 

linked with the progression of atherogenesis (173).  The second putative target of 

miR-483 we look at is Akt2, a central mediator of the PI3K/Akt/mTOR pathway 

and a regulator of survival, growth, and proliferation. Of the 3 isoforms of Akt, 

Akt1 is the most widely expressed and abundant with the exception of insulin-

responsive tissues, where Akt2 predominates. Despite sharing approximately 

80% amino acid identity, knockout mice of the respective genes show that the 

two genes have nonredundant functions. Specifically, the Akt1-null animals show 

severe growth defects, while Akt2-null animals develop insulin resistance with 

symptoms that mimic diabetes mellitus (174-176). Akt1/Akt2-null embryos show 
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characteristics that mimic both, but die shortly after birth, suggesting that there is 

compensatory mechanism between the two isoforms (177).  Although the 

distinction is not commonly made, Akt1 and Akt2 have non-overlapping functions 

in different cell types.  In breast epithelial cells, Akt1 down-regulation in IGF1R 

stimulated cells promoted epithelial–mesenchymal transition (EMT) and 

enhanced cell migration, while down-regulation of Akt2 suppressed the EMT 

(178). In macrophages, the authors showed that loss of Akt1 gave rise to pro-

inflammatory M1 phenotype whereas loss of Akt2 resulted in the anti-

inflammatory M2 phenotype (179). In neutrophils, the authors showed loss of 

Akt2 specifically resulted in decreased cell migration and reduced p47phox 

phosphorylation and O2
- production (180). In B cells, Akt2 specifically mediates 

the Sin1-mTORC2 dependent suppression of il7r and rag gene expression in B 

cells through phosphorylation of FoxO1 (181). Studies in endothelial cells have 

generally focused on Akt1, specifically in its role as a regulator of VEGF 

mediated angiogenesis through phosphorylation of eNOS. Another study using 

the respective knockout animals, demonstrate that Akt1 is critical for the 

recruitment of leukocytes by altering vascular permeability during acute 

inflammation, however, the role of Akt2 is not as well defined (182, 183). 

Because KLF2 is known to promote an anti-inflammatory phenotype and Akt is 

known to be a positive regulator of the NFκB pathway through the 

phosphorylation of the IKK complex, we hypothesize that the down regulation of 

Akt2 can suppress NFκB signaling   (184-186). 
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3.2 Materials & Methods  

Transfection 

Transient transfection was performed with Lipofectamine 2000 (Invitrogen). In 

brief, HUVECs at 50-70% confluency were transfected with 20nM pre-miR 

Control or pre-miR-mimic for 4-6 hours in Opti-mem (Invitrogen) and then 

replaced with regular medium. RNA or protein lysate are collected after 48 hours. 

Western Blot 

PI3K inhibitor, LY294002, was purchased from Sigma. Western blot was 

performed with the use of antibodies against GAPDH (Santa Cruz), mTOR (Cell 

Signaling #2983), phosphor-mTOR (Cell Signaling #2971), Akt (Cell Signaling), 

Akt2 (Cell Signaling #3063), phospho-Akt (Cell Signaling #4058), IKKα (Cell 

Signaling  #2682), phospho-IKKα (Cell Signaling  #2697). 

3.3 Results 

To determine the role of miR-483 in endothelial cells, we utilized MicroCosm 

Targets, also known as miRBase Target, which lists miRNAs and their putative 

targets (187). Initially, we searched for genes with known endothelial function 

that could potentially be regulated KLF2. In Fig 3-1, we show the scoring for ACE 

along with miR-483. To assess the role of miR-483, an exogenous miRNA mimic 

was introduced to determine if overexpression could suppress ACE at the mRNA 

and protein level. This resulted in reduced expression of ACE suggesting that 

miR-483 could indeed target ACE. However, when the anti-miR was introduced, 

there was no significant change in the level of ACE, providing evidence that 
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although exogenous expression of miR-483 can suppress expression of the 

protein, endogenous miR-483 could not (data not shown). 

As an alternative approach, we utilize another online data base for miRNA 

targets, Targetscan. This database provides a similar approach for elucidating 

novel miRNA targets, using a relatively more stringent algorithm (188). In Fig. 3-

2, we show the scoring miRNA-mRNA base pairing and target site within the 

3’UTR of Akt2. Next, we infected HUVEC with either Ad-null or Ad-KLF2 and 

show that overexpression of KLF2 can decrease expression of Akt2. Similar 

experiments with the pre-miR and anti-miR were performed and expression of 

Akt2 was assessed by both qPCR and Western Blot. In addition, the 

phosphorylation of mTOR was also assessed to address Akt activity. Although 

Akt1 is believed to be the more dominant isoform in ECs, it appears that 

downregulation of Akt2 can decrease mTOR activity as measured by 

phosphorylation of S2448. Conversely, increasing expression of Akt2 by 

introduction of anti-mIR-483 is sufficient to increase phosphorylation of S2448. 

Next, we transfected cells with either pre-miR or anti-miR and then stimulated 

them with LPS, an activator of the NFκB pathway. Under LPS stimulation, 

modulation of miR-483 can alter phosphorylation of IKK at S176/180. 

Specifically, exogenous miR-483-3p can decrease phosphorylation of IKK, while 

inhibition of miR-483 can increase phosphorylation of IKK. This provides some 

preliminary evidence that this miRNA can modulate the NFκB pathway to 

suppress inflammation.  
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3.4 Discussion  

In this section, we provide evidence that while exogenous expression of miR-483 

is sufficient to repress endogenous ACE expression, the complementary loss of 

function experiment showed no significant change. Furthermore, during the 

course of this study, a series of papers were published provided evidence that 

ACE can be suppressed by another miRNA family, miR-143/145, which is highly 

abundant in the cardiovascular system. Using a knockout mouse model 

approach and high throughput proteomics, the authors demonstrated this miR-

143/145 is extremely important in regulating vascular smooth muscle contractility, 

and the loss of miR-143/145 could be partially rescued by pharmacological 

inhibition of either ACE or the AT1R (152). Furthermore, another paper 

demonstrates that miR-143/145 can also be upregulated by KLF2 in ECs under 

both laminar shear stress and statin treatment (189).  

Although we provide some preliminary evidence that miR-483 can modulate the 

Akt/mTOR pathway, it remains to be seen whether or not this targeting is specific 

for Akt2. In many instances, miRNAs can target a panel of genes to modulate the 

same pathway. To provide conclusive evidence, a luciferase reporter assay 

containing the 3’UTR of the protein should be constructed and subjected to either 

the miRNA mimic or inhibition and testing in vivo is necessary to determine 

whether this pathway is functionally relevant in mouse models of inflammation or 

atherosclerosis. 
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3.5 Figures 

 

Fig. 3-1. Exogenous miR-483 can suppress ACE through mRNA 

degradation. Bioinformatics tools were used to assess putative targets for miR-

483. ACE is putative target of miR-483 (A). Confluent monolayers of HUVECs 

were transfected with 20 nM pre-miR-control or pre-miR-483 and expression of 

ACE was performed by RT-qPCR (B) or Western Blot (C).  
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Fig. 3-2. miR-483 can suppress expression of Akt2. Using bioinformatics 

tools, we discover Akt2 as a putative target of miR-483 (A). (B) HUVECs were 

infected with Ad-null or Ad-KLF2 and Akt2 protein levels were assessed by 

Western blot (B). Confluent monolayer of HUVECs were transfected with 20 nM 

pre-miR-control or pre-miR-483 and anti-miR-Control and anti-miR-483 and 

expression of Akt2 was assessed by RT-qPCR (C). Confluent monolayer of 

HUVECs were transfected with 20 nM pre-miR-control or pre-miR-483 and anti-

miR-Control and anti-miR-483 and expression of Akt2 was assessed by Western 

blot (D).  
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Fig. 3-3. Inhibition of Akt activity can decrease IKK phosphorylation under 

LPS treatment. In brief, confluent HUVEC were pretreated with the PI3K 

inhibitor, LY294002 (10 μM), for 30 minutes and subsequently treated with LPS 

(100 ng/mL)for 2 hours (A). Next, HUVEC were transfected with either pre-miR-

control or pre-miR-483 or anti-miR-control or anti-miR-483 for 48 hours and 

subsequently treated with LPS (100ng/mL) for 2 hours and collected for Western 

Blot (B).  
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Chapter 4: Conclusions and Perspectives 

KLF2 plays an indispensable role in regulating endothelial function. Since its 

discovery as a shear stress responsive gene, many groups have attempted to 

elucidate its function and downstream targets using genome-wide approaches. 

The discovery of miRNAs provides an alternative mechanism to fine tune gene 

expression and the role numerous miRNAs during development has been 

demonstrated to be critical. Here we attempt link KLF2 to a novel miRNA that 

may regulate EC function. Although a number of studies have been performed to 

elucidate the role of and miR-483 and its host gene, IGF2, separately, little is 

known about whether the functions of the intronic miRNAs play an antagonistic or 

synergetic role with respect to the host gene. The best studied is miRNA/host 

interaction is miR-33 which is located in the intron of Sterol Regulatory Element-

Binding Proteins (SREBPs), an essential regulator cholesterol biosynthesis. 

When co-transcribed, miR-33 can suppress expression of specific proteins 

involved in cholesterol efflux to preserve cholesterol thereby acting synergistically 

with the role of SREBP (190-192). Based on the known function of IGF2 and 

miR-483, the co-regulation and function of this pair appears to be contradictory, 

with IGF2 as a positive regulator of cell growth and miR-483 being a negative 

regulator. More unique to miR-483 is that a number of groups have found 

function for both the arms. Although this study demonstrates the upregulation of 

both, it would be interesting to determine which of the arms is more abundant 
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and if this is consistently observed in all tissue types resulting in suppression of 

similar genes. 

Because miRNAs have numerous putative targets, it is essential to utilize an 

unbiased approach to elucidate function. Alternative approaches to elucidate 

function using an in silico method utilize a clustering approach to determine the 

pathways or functions that contain multiple genes that may targeted that would 

be greater than random chance.  However, even this method is limited, as it 

would be necessary to know the level at which the miRNA and target mRNA are 

expressed. The most effective comprehensive approach is to generate 

transcriptional profiles of both mRNA and miRNA species under the respective 

conditions and correlate the increased expression of the miRNA with a 

decreased expression of its putative target. This approach would provide a global 

view of the role of specific mRNA-miRNA and would provide additional insight 

into the number of mRNAs that are modulated by miRNAs. 
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