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Abstract

Mechanosensitive miRNA targets TIMP3 to increase matrix degradation in the aortic valve
endothelium

By Lucky Khambouneheuang

Heart disease, including calcified aortic valve disease (CAVD), remains the leading cause of
death worldwide. The role of endothelial cells (ECs) in CAVD remains relatively unknown;
however, disease develops in a side-dependent manner. Preferentially, calcification occurs on the
fibrosa endothelium, which is subjected to disturbed blood flow, whereas the ventricularis
endothelium, which is subjected to stable blood flow, is relatively unaffected. Our research goal
is to discover mechanisms, especially a new type of small molecules (known as microRNAs) by
which mechanical force regulates endothelial inflammation and the resulting aortic valve (AV)
calcification. We hypothesize that miRNA181b is upregulated by disturbed flow at the AV
fibrosa endothelium, leading to decreased expression of TIMP3 and increased matrix
degradation. Several microRNAs (miRNAs) have been shown to be mechanosensitive (flow-
sensitive), and thus may play a role in the development of AV calcification. Using human aortic
valve endothelial cells (HAVECs) in our in vitro cone-and-plate system that simulates different
blood flow conditions, laminar shear (LS) versus oscillatory shear (OS), we have found several
miRNAs that are regulated by flow, including miRNA-181b. Compared to HAVECs subjected to
LS, HAVECs in OS demonstrated significant upregulation in miRNA-181a and -181b
expression. Using miRTarBase, we further identified and studied miRNA-181b targets, including
genes GATAG, SIRT1, and TIMP3. We also found significantly decreased GATA®6, SIRT1, and
TIMP3 expression in HAVECs subjected to OS stress. Moreover, our gelatinase assay
significantly confirmed increased MMP activity and extracellular matrix degradation in
HAVEC:s subjected to OS. We further transfected HAVECs with pre- and anti-miRNA-181b to
study the direct relationship between miRNA-181b and TIMP3. For pre-miRNA-181b treated
samples, we observed significant decrease in expression for GATAG6, SIRT1, and TIMP3 in
HAVEC in OS. For anti-miRNA-181b treated HAVECs, we observed significant decreased
MMP activity compared to control samples. Our study overall correlatively demonstrates that in
ECs subjected to OS, miRNA-181b is upregulated, leading to the decrease expression of TIMP3
and increased ECM degradation. In the future, our ongoing work may provide insight into novel
therapeutic treatments targeting specific mechanosensitive miRNAs to treat AV stenosis and
disease.
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Introduction

1.1 Clinical Significance of Calcific Aortic Valve Disease

Heart disease, including calcific aortic valve disease (CAVD), remains the leading cause
of death worldwide. Viewed for many years as a “wear and tear” process (1), CAVD is an age-
related, degenerative disorder; its prevalence in the elderly population increases with advancing
age (2). Currently, CAVD affects 25-29% of people over 65 years of age and 48% of people
older than 84 (3-7). Clinically, valvular diseases are often associated with and/or considered
progressive hallmarks of other detrimental cardiovascular events, including atherosclerosis,
myocardial infarction, angina, congestive heart failure, and stroke (6,8). Globally, cardiovascular
disease accounts for 17.3 million deaths per year, and this number is expected to rise to
approximately 24 million by 2030 (9).

CAVD is a slowly progressive disorder with a disease continuum that ranges from aortic
sclerosis, the mild thickening of the valve with no blood outflow obstruction, to aortic stenosis,
the severe calcification of the valve with motion impairment in the leaflet (3,10). These disease
processes are often associated with the negative outcomes of various cardiovascular disorders. In
the Cardiovascular Health Study, a prospective study of about 5,600 men and women 65 years of
age or older, aortic stenosis was associated with an 50% increased risk of death from
cardiovascular causes and of myocardial infarction, even in absence of significant obstruction in
the left ventricular outflow (6). Unfortunately, there are currently no effective pharmacological
therapies available for affected patients. Prosthetic valve replacement and/or repair surgeries are
the only treatment options for CAVD. Within the United States, approximately 98,000 aortic
valve replacements are performed annually for severe aortic stenosis (11). Without surgical

treatment, patients with this disease have a 50% chance of living two years and 20% chance of



living for five years after symptom onset (12). These statistics highlight CAVD prevalence,
particularly in the elderly population, and the need for a clearer understanding of the disease

pathways, enabling earlier drug therapy or intervention in CAVD.

1.2 Aortic Valve Structure, Cellular Components, and Functions

The aortic valve (AV) acts to regulate unidirectional blood flow from the left ventricle to
the aorta and systemic vasculature (13). The AV is stratified into three layers: the fibrosa, facing
the aorta; the ventricularis, facing the left ventricle; and the spongiosa, which is located between

the fibrosa and ventricularis (Figure 1).
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Figure 1. Aortic valve structure and function. (A) The AV is comprised of three layers: the fibrosa, facing the
aorta; ventricularis, facing the ventricle; and the spongiosa, which is located between the fibrosa and ventricularis.
The AV is also comprised of two main cell types: endothelial cells and interstitial cells. Endothelial cells line the
AV, whereas the interstitial cells are found throughout the structure. Also, collagen and elastin fibers are found in all
three layers; glycosaminoglycans (GAGs) are only found in the spongiosa layer. (B) The ventricularis is subjected to
stable, laminar shear stress due to blood ejection from the left ventricle during systole (C). The fibrosa is subjected

to random, oscillatory shear stress due to blood flow. Modified from (14).



Each layer is comprised of differing amounts of collagen, elastin, and glycosaminoglycans. The
fibrosa is primarily composed of circumferentially oriented collagen fibers and fibroblasts and
functions as the main load-bearing layer. The ventricularis consists of a network of collagen and
radially aligned elastin fibers (6,10,15); their structural network enables reduced radial strain
when the valve is fully opened and also aids the valve leaflet with recoil to its undeformed
resting state (15,16). In the middle, the spongiosa is a layer of proteoglycans and scattered
collagen fiber that serves to link and lubricate the fibrosa and ventricularis, which are constantly
subjected to shear stress, hemodynamic friction, and pressurization (6,10,15). In concert, these
three layers work to provide structural integrity and tensile strength within the AV for decades of
repetitive motion in the cardiac cycle, opening and closing approximately 3 billion times within
the average human lifespan (16).

Additionally, the AV is comprised of two cell types: the valvular interstitial cells (VICs)
and valvular endothelial cells (VECs). Both VICs and VECs are important for maintaining tissue
homeostasis of the AV via biochemical secretion, matrix proteins, and matrix-modeling enzymes
(17). The VICs are most prevalent in the heart valves and comprise of a mix of heterogeneous
cells that express differing phenotypes, such as those of myofibroblasts, osteoblasts, fibroblasts,
and smooth muscle cells (18). Based on previous studies, VICs play an important role in the
normal functioning valve and the progression of AV diseases (19). Particularly, in the
progression of AV calcification, VICs differentiate into osteoblast-like cells, a process involving
mediators such as bone morphogenetic proteins and the TGF-f pathway (20). Osteoblast-like
VICs also deposit fibrotic collagen and calcified matrix, which alter valve structure leading to

inefficient opening of the valve and increased valvular pressure (21).



The VECs line both the ventricularis and fibrosa, serving as a protective layer of cells in
the AV structure (22). Thus, VECs are also important for understanding the maintenance of a
healthy functional valve and disease progression. In response to hemodynamic changes and
proinflammatory cytokines, VECs, for instance, increase cell adhesion molecules such as
intercellular adhesion molecule (ICAM) and vascular cellular molecule (VCAM) to promote the
infiltration of monocytes and lymphocytes, which are essential components for tissue repair
(17,22). Moreover, VECs regulate the phenotypic state of VICs via release of paracrine
mediators. In a study using porcine valves, VECs secreted nitric oxide to reduce the
differentiation of VICs to myofibroblasts and osteoblasts (23,24). These studies highlight the
responsive and regulatory nature of VECs.

Comprising the most outer layer of the AV structure, VECs are in direct contact with
blood flow and other hemodynamic-related stresses. Therefore, it is likely that VECs serve as
signaling mediators and initiators of biological pathways in response to environmental stimuli
(18). Past studies on vascular endothelial mechanotransduction provide insight into how VECs
respond to hemodynamic stimuli and stressor, a process that is still not well understood (25).
Studies by Shyy et al have revealed pathways involving displaced membrane integrins in VECs
interacting with the extracellular matrix (ECM) and other cellular regulators at the basal
membrane of the AV (26). Other studies show local strains due to flow stress in intermediate
filaments within individual VECs as sensory detectors (27). Likewise, AV cytoskeleton,
adhesion receptors, luminal membrane proteins, and ion channels were also implicated as being
potential mechanotransducers, though more work is needed to fully understand the shear

sensitive nature of both vascular and valvular endothelial cells (28).



1.3 Aortic Valve Calcification

Usually accompanied by other pathological characteristics, such as inflammation, lipid
infiltration, thrombus formation, and fractured matrix fibers (29,30), AV calcification remains
the most common cause of severe stenosis (31). Its progression is characterized by the thickening
of the AV and formation of calcium nodules, which together are the first detectable cell
structural changes in the leaflets (21). These pathological changes accumulate over time,
eventually leading to reduced efficiency and function of the valve leaflets (10,21).

Interestingly, calcification of the AV is a side-dependent phenomenon (8), coinciding
with different hemodynamic conditions on both sides of the AV (25,32,33) (Figure 2). For
instance, calcification preferentially develops on the aortic face of the valve (fibrosa), which is
mostly subjected to disturbed oscillatory blood flow, whereas the ventricular face (ventricularis),
which is mostly subjected to stable laminar blood flow, remains relatively unaffected (33). The
mechanisms responsible for this observed side-dependent AV calcification in the context of
different local hemodynamic conditions remain unknown. Hence, our research objective is to
discover mechanisms that can account for the observed differential side-dependent phenotypes
between the fibrosa and ventricularis in differing hemodynamic conditions.

Early AV stenosis is associated with systemic endothelial dysfunction (34). In an in situ
gene expression profile study involving porcine AVs, Simmons et al. discovered a differential
down regulation of genes known to inhibit calcification in the endothelial cells on the fibrosa
side compared to the ventricularis (35), suggesting the role VECs may play in the preferential
calcification on the fibrosa in the AV. Moreover, our group has found that human aortic valvular
endothelial cells (HAVECs) respond to shear stress due to blood flow by inducing changes in

gene expression profiles (25). Specifically using HAVECs in our unique in vitro cone-and-plate



system to simulate different hemodynamic conditions in a preliminary study, we found
significant differential expressions of several small nucleotide regulators known as microRNAs
(miRNAs) between the fibrosa and ventricularis of the AV. Biological mechanisms involving
endothelial miRNAs may play an important role in regulating AV homeostasis and calcification
(25,36). Our lab’s research aim is to study the role of mechanosensitive miRNAs in the

differential response of HAVEC:s to disturbed flow.
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Figure 2. Calcification of the aortic valve. The AV is comprised of two surfaces: the fibrosa (facing the aorta) and
ventricularis (facing the left ventricle). The AV is composed of endothelial cells lining the surface and valve
interstitial cells within the AV. Moreover, the valve is constantly subjected to dynamic, environmental stimuli,
which at times induce oxidative stress, inflammation, and endothelial-mesenchymal transition. Although the exact
pathway for AV calcification remains unknown, many biological processes are involved in disease progression.

Modified from (37).



1.4 Biogenesis of microRNAs

miRNAs are noncoding RNAs that post-transcriptionally regulate specific mRNAs by
blocking protein translation and/or inducing mRNA degradation (38). There are several steps in
the biogenesis of mature miRNAs (Figure 3). First, primary miRNA transcripts called pri-
miRNAs are transcribed as individual miRNA genes, either from introns of protein-coding genes
or polycistronic transcripts by RNA polymerase II. Typically several kilobases long with a cap
and polyadenylated tail, pri-miRNAs fold into hairpin structures with imperfectly base-paired
stems (39,40). Next, RNase-III enzyme Drosha processes the pri-miRNAs by cleaving the stem-
loop structure, resulting in pre-miRNA structures that are 60-100 nucleotides long (40,41). After
processing, pre-miRNAs are transported to the cytoplasm by nuclear transport receptors exportin
(37,40,42). In the cytoplasm, RNase III Dicer cleaves pre-miRNAs into miRNA-miRNA
duplexes of 18-22 nucleotides in length. Lastly, mature miRNAs are incorporated into the RNA-
induced silencing complex (RISC), enabling specific post-translational gene regulation via
translational repression and mRNA degradation (37).

With the capacity to fine-tune gene expression, miRNAs become key regulators of
diverse biological and pathological processes, including development, apoptosis, cell
proliferation and differentiation (43). Thus, dysregulation of miRNAs often result in impaired
cell function and ultimately, disease progression (44). Based on our previous studies, these small
non-coding RNAs may be key to understanding the intriguing phenomenon of preferential

calcification on the fibrosa as opposed to the ventricularis.



Intergenic Intronic Polycistronic

I miRNA | ii miHNAlI I miRNA miRNA

) )

Pri-miRNA Pri-miRNA
Drosha )
Pre-miRNA
Exportin 5 Nucleus
Cytoplasm

Dioer*

u:ﬂm miRNA:miRNA* duplex

Dioer‘

RISC
’/Target miRNA\
Translational repression mRNA degradation

- r=——"

\_ Ribosome )

Figure 3. Schematic diagram of the miRNA biogenesis. Primary miRNA transcripts called pri-miRNAs are first
transcribed as individual miRNA genes, either from introns of protein-coding genes or polycistronic transcripts by
RNA polymerase II in the nucleus. pri-miRNAs fold into hairpin structures with imperfectly base-paired stems.
Next, RNase-III enzyme Drosha processes pri-miRNAs, forming pre-miRNA structures, which after processing are
transported to the cytoplasm by nuclear transport receptors exportin-5. Once in the cytoplasm, RNase III Dicer
cleaves pre-miRNAs into miRNA-miRNA duplexes. Lastly, mature miRNAs are incorporated into the RNA-
induced silencing complex (RISC), enabling specific post-translational gene regulation via translational repression

and mRNA degradation. Modified from (45).



1.5 Foundational studies

In microarray studies by our group, we discovered a collection of potential shear —
sensitive miRNA candidates based on their differential expressions in HAVECs subjected to
laminar (LS) versus oscillatory shear (OS) (25). These findings are important because they build
the foundation of our current work. In this study, we isolated HAVECs of both the fibrosa (F)
and ventricularis (V) faces of the AV and subjected them to either LS or OS using our unique
cone-and-plate system. After ECs were subjected to shear stress, their genetic profiles were
mapped, shown in Figure 4. There were three main group analyses: FO vs. VL, the most
physiological relevant group that is compared; FO vs. FL and VO vs. VL, which investigated the
general shear-sensitive nature of both fibrosa and ventricularis endothelial cells (ECs) subjected
to different stresses.

The objective of this thesis project is to confirm the shear-sensitivity of miRNAs
discovered in these previous preliminary studies and study the roles they may play in side-
dependent calcification. In preliminary findings, miRNA-181b has consistently demonstrated
flow-sensitivity when comparing the genetic expression profiles of HAVECs subjected to LS and
OS. Specifically, we observed relatively higher expression levels of miRNA-181b in HAVECs
subjected to OS stress. With these findings, miRNA181b and its potential role in AV

calcification will be the focus of this research.



10

Figure 4. Differential expression profiles of HAVECs in response to LS vs OS. The microarray heat map
compares the change of shear-sensitive genes in three main groups: FO versus VL, FO versus FL, and VO versus

VL. Red shows upregulated genes and green shows down regulated genes. Modified from (25).

1.6 Objective of study

Located in chromosome 1 in humans, miRNA-181b is in proximity to multiple genes,
including PTPRC, PEBP1P3, MIR181A1, MIR181A1HG, and RPS2P9, as shown in Figure 5.
Sharing similar genetic sequences in chromosome 1, miRNA-18la and miRNA-181b are
expressed near each other. Together, both miRNAs have been implicated in to play essential
biological roles in retinal axon development and human immune cell differentiation, and they

have been implicated as novel biomarkers for breast cancer cells (46-48).
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Figure 5. miRNA-181b Genomic Location. miRNA-181b is located in chromosome 1 at LOC105371678. It is
located near PTPRC, PEBP1P3, MIR181A1, MIR181ATHG, and RPS2P9. (NCBI,

http://www.ncbi.nlm.nih.gov/gene/406955).

miRNA-181b is important in a range of biological processes, including cancer-related
apoptosis (49), tumor suppression (50) and cell growth (51). In the cardiovascular system,
miRNA-181b plays an important role in vascular inflammation via NF-kB pathway (52),
potentiation of EC differentiation from pluripotent human embryonic stem cells (53), and
proliferation of vascular smooth muscle cells (54).

Moreover, using miRTarBase, an experimentally validated miRNA-target interaction
database, we reviewed specific miRNA-181b targets, which included sirtuin-1 (SIRT1), GATA-
binding protein 6 (GATAG), and tissue inhibitor of metallopeptidase 3 (TIMP3). Part of the
sirtuin family, SIRT1 is a protein NAD+-dependent deacetylase that is most often localized in
the nucleus and functions to regulate transcription factors epigenetically (55-57). GATAG® is also
a transcription factor regulator and involved in biological processes, such as the regulation of
cardiomyocyte hypertrophy (58) and embryonic development in mice studies (59), including
healthy heart development (60). Lastly, TIMP3 targets and inhibits matrix metallopeptidases
(MMPs) (61). MMPs are known to play an important role in ECM degradation (62). Because of
its well-known role in diseases related to matrix degradation and its targeting by miRNA-181b,
we will focus specifically on TIMP3 and its downstream target MMPs, as we consider a specific

mechanism accounting for preferential AV calcification.
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Timely maintenance and breakdown of the ECM are essential for embryonic
development, morphogenesis, reproduction, and tissue remodeling (63). A family of >20
different MMPs degrade components of the ECM and play various roles in different
physiological and pathological conditions, notably including cell migration (64). During early
angiogenesis, ECs migrate into surrounding ECM, but in vitro studies demonstrated impairment
of EC migration into collagen gels when MMP inhibitors were present (65). Moreover, studies
have also demonstrated the importance of MMPs in wound healing; by using MMP inhibitors,
Lund et al reduced keratinocyte migration and thus delayed wound healing in mice (66).

The endogenous inhibitor TIMP3 binds to MMPs in a 1:1 stoichiometry in a highly
regulated process during development and tissue remodeling (61,67). Hence, TIMP3 expression
levels have been studied in disease conditions involving changes in MMP activity. For example,
in apolipoprotein E-deficient mice, adenovirus-mediated overexpression of TIMP3 reduces
atherosclerotic lesions (68). In mice, TIMP3 deficiency disrupts matrix homeostasis and dilated
cardiomyopathy (69). Moreover, foam cell macrophages, which are infiltrating inflammatory
cells, were shown to exhibit both increased MMP-14 and decreased TIMP3 protein expression
(70). With similar findings, Cardillim et al. also demonstrated significant reduction of TIMP3 in
human carotid atherosclerotic plaques, correlated with high MMP-9 protein activity (71). In sum,
these findings highlight the potential roles TIMP3 and MMPs may have in not only the
maintenance of a healthy AV but also its disease progression.

Based on our preliminary studies, AV endothelial cells respond to stress by regulating
shear-sensitive miRNAs, including miRNA-181b. miRNA-181b targets TIMP3, an inhibitor of
the MMPs, leading to increased MMP activity and matrix degradation. Since calcification

preferentially affects the AV fibrosa, the side that is subjected to OS, we predict greater MMP
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activity for ECM breakdown in endothelial cells at the fibrosa versus the ventricularis.
Therefore, we hypothesize that miRNA181b is upregulated by disturbed flow at the AV
fibrosa endothelium, leading to decreased expression of TIMP3 and increased matrix
degradation. The objective of this thesis is to investigate this novel biological mechanism
responsible for side-dependent AV calcification and to discover novel therapeutic targets to

attenuate or prevent the effects of differential environmental hemodynamic conditions in the AV.

Material and Methods

Cells and cell culture

Side-specific ventricularis HAVECs (VHAVECs) were isolated from non-calcified AVs
obtained from heart transplant surgeries according to an Institutional Review Board-approved
protocol at Emory University and Georgia Institute of Technology. The ECs were purified using
Di-acetylated LDL and stored in a liquid nitrogen filled chamber, where the cells undergo
induced dormancy.

Before subjecting the cells to shear stress, VHAVECs are first cultured in 12 mL plates
with media comprised of shear medium (MCDBI131), supplemented with 2.5% FBS, 1% L-
glutamine, 1% penicillin-streptomycin. Each dish used to culture cells contains a thin layer of
gelatin, which helps adhere ECs to the bottom plate surface. After VHAVECs establish
confluency within 48 hours, we would next split the ECs into new 12 mL plates (n=8). During
this step, VHAVECs were first washed with 10xPBS (Ambion, AM9625) and detached from the
dish surface using Trypsin. The ECs were aliquotted equally into new dishes. Shear media were
added to each plate, leaving a final total volume of 12 mL. The cells are ready to be subjected to

shear stress via cone-and-plate system once the cells become confluent.
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Shear stress using cone-and-plate system

After cells are cultured and become confluent, in vitro shear stress experiments were
carried out using our cone-and-plate shears system, as shown in Figure 6. Laminar unidirectional
shear stress was induced by parallel force of 20 dynes/cm’, and disturbed flow, or oscillatory
shear stress (OS) was induced at + 5 dynes/cm’, approximating the complex shear stress
environment surrounding the aortic valve ECs (72). Further, the temperature of the reaction was
set at 37 °C with 5% CO,. After 24 hours, cell alignment, also as shown in Figure 6., was
confirmed in LS and OS. Experiments were performed in quadruplicate.

Stepping

motor
[0}

LS

7 \
. Teflon cone '

Figure 6. Cone-and-plate system and EC alignment by shear stress. Laminar unidirectional shear stress was
induced by parallel force of 20 dynes/cm’, and bidirectional oscillatory shear stress (OS) was induced at + 5
dynes/cm’, approximating the complex shear stress environment surrounding the aortic valve ECs. After 24 hours,
cell alignment was confirmed. HAVECs subjected to LS stress demonstrate directional alignment, whereas cells

subjected to OS stress aligned randomly.



15

Isolation of total RNA

After 24 hours of induced shear stress on VHAVECs using the cone-and-plate system,
RNAs were extracted using procedures as defined in the Qiagen RNeasy kit. To begin the
extraction process, VHAVECs were dissolved in 700 pL of QIAzol Lysis Reagent and
homogenized using appropriate methods, in order to lyse and release EC RNA content. The
homogenate was incubated at room temperature (15-25 °C) for 5 min. Next, 140 pL of
chloroform was added to the sample and shaken vigorously for 15 s. After this homogenate was
incubated at room temperature for 2-3 min, the sample was centrifuged for 15 min at 12,000 x g
at 4 °C to encourage phase separation in the sample. The upper aqueous phase was transferred to
a new collection tube, 1.5 volumes of 100% ethanol were added to precipitate RNA, and the
sample was centrifuged at 8,000 x g for 15 s at room temperature. The membrane in the RNeasy
Mini column was washed three times with 700 pL of Buffer RWT and dried via one more
centrifugation. Finally, the RNA of the sample was collected in a new collection tube by

dissolving in 30 pL of RNase-free water.

c¢DNA synthesis & quantitative Polymerase Chain Reaction (QPCR)

Using the collected RNAs as templates, cDNAs were generated for quantitative analysis.
For cDNA based on miRNAs, we mixed 4 pL 5X miscript HiSpec buffer, 2 pL. 10X miscript
Nuclei mix, 2 pL miscript RT enzyme, and 2 pL RNase-free water with 10 pL isolated RNA. A
reverse transcription reaction was performed via three steps in the Bio Rad thermal cycler: (1) 37
°C for 60 min; (2) 95 °C for 5 min; and (3) 4 °C, the optimal temperature for cDNA storage. For
cDNA based on mRNAs, the sample mixture was comprised of 2 pL 10X buffer, 2 pL 10X

random primers, 2 pL. ANTP, 3 pL. RNase-free water, and 1 pL transcriptase enzyme. Beginning



16

at 25°C for 10 min, the mRNA reverse transcriptase reaction was performed in three steps in the
Bio Rad thermal cycler: (1) 37°C for 120 min; (2) 85°C for 5 min; (3) 4°C indefinitely.

PCR was conducted to amplify miRNA- and mRNA-based cDNAs using target primers.
For miRNA-cDNAs, validated primers from Integrated DNA Technologies (IDT) or Qiagen

were used to amplify DNA. The primers used are shown in the table below.

Gene Catalog Number

199a-3p | 81890353/IDT (ACAGTAGTCTGCACATTGGTTA)
214 81890355/ IDT (ACAGCAGGCACAGCAAGGCAGT)
181a MS00008827/QIAGEN

181b MS00006699/ QIAGEN

199-5p MS00006741/ QIAGEN

U6 MS00033740/ QIAGEN

For mRNA-cDNAs, primers from previously published literature were used, shown in the table
below.

Primers (5'-3") Reference
Forward | CCACTACCTTTATACCGAC

NLK Reverse TACCTCGGAAACCACAACAG (73)
Forward | ACCAGAGCCTAAACGCTTTC

GATAG6 Reverse ACCCTATCTCGGGATGCTAC (74)
Forward | CAGTCGCTACATCACCATC

CDX2 Reverse | AGAGTCCACGCTCCTCAT (75)
Forward | CTACACCATCAAGCAGATGAAGATG

TIMP3 Reverse GCTCAGGGGTCTGTGGCATTGAT (76)
Forward | AAGTGATGGAGGACCTGGTG

VSNLI1 Reverse GTCGCTCTTTGCAGCTTCTT a7
Forward | AAGCCGGCGACGACTTCT

BCL2 Reverse | GGTGCCGGTTCAGGTACTCA (78)
Forward | TGCTGGCCTAATAGAGTGGCA

SIRT1 Reverse CTCAGCGCCATGGAAAATGT (79)
Forward | AGGAATTGACGGAAGGGCACCA

18S Reverse | GTGCAGCCCCGGACATCTAAG IDT
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For each target gene of interest, the sample mixture included 10 pL green SYBR mix, 1
uL of forward and reverse target primer, 7 uL DNase-free water, and 2 pL. cDNA sample. For
mi-RNA-based cDNA, we used U6 primers as control, and for mRNA-based cDNA, 18S target
primers were used as control.

Using the Applied Biosystems, Inc., quantitative PCR system, we amplified target genes
of interest as follows: samples were heated to 95°C, allowing for the activation HotStarTac DNA
Polymerase. Next, for one cycle, there are three main steps: (1) DNA sample denatures into two
separate strands for 15s at 94°C; (2) primers anneal to denatured DNA for 30 s at 55°C; and (3)
the extension, or addition of complementary nucleotides, process proceeds for 30 s at 70°C,
followed by fluorescence data collection. Thus, per one complete cycle, we amplify DNA by a
factor of two. The exponential equation 2", where n is the number of complete cycles, calculates
the total number of DNA strand that is created at the end of PCR cycles. Each DNA sample was
set to complete 40 cycles. mRNA-based cDNAs were amplified using a similar protocol, with
the DNA extension third step set for 1 min at 60°C. After all PCR cycles were completed, ACr

values were generated and analyzed.

Gelatinase Assay:

Using Life Technologies and Santa Cruz Biotechnology EnzChek kit, we measured
extracellular matrix degradation using a gelatinase assay. The assay consisted of DQ gelatin
fluorescein conjugate substrate, which is gelatin so heavily labeled with fluorescein that the
fluorescence is quenched. When the gelatin substrate is exposed to enzymatic digestion, the

assay yields high fluorescence intensity.
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In our experiment, HAVECs were subjected to LS or OS stress in the cone-and-plate
system, after which we isolated digestive enzymes using QIAzol. The collected enzyme samples
were pipetted on to the gelatin substrate in the assay well. When the enzymes digest the gelatin,
highly fluorescent fragments are released. When a sample yields high fluorescence intensity, we
correlate the phenomenon with high digestive enzymatic activity and high extracellular matrix
degradation. Using the fluorescence microplate reader, we measured the fluorescence intensity.
Digestion products from the DQ gelatin substrate have absorption maxima at ~495 nm and

fluorescence emission maxima at ~515 nm.

miRNA-181b Transfection

Using the Lipofectamine 2000 DNA Transfection kit, we treated HAVECs cells with pre-
and anti-miRNA-181b at concentrations from 20 nM-100 nM. At the time of transfection,
HAVECs were 70-90% confluent. In the process, we mixed the Lipofectamine reagent and pre-
or anti-miRNA-181b in Opti-MEM medium, encouraging DNA-lipid complex formation for 5
min incubation at room temperature. Next, we added the DNA-lipid complex to the cell samples,
transfecting the HAVECs. The cells were incubated at 37°C for 1-3 days and were analyzed as

described above.

Statistics Analysis
Statistical analyses were performed using Excel. Error bars are reported as the standard
deviation value. Pairwise comparisons were done using 2-tailed Student’s ¢ tests. Differences

between groups were considered significant at p < 0.05, denoted * and p < 0.01, denoted **.
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Results

LS/OS stress modulates miRNAs and target mRNA in HAVECs

To confirm the mechanical sensitivity of the miRNAs in our previous array, we subjected
HAVECs to both LS and OS stresses using our cone-and-plate system and followed up with
qPCR analyses to quantify genetic profile changes in HAVEC miRNAs and mRNAs. We found
significant increase of miRNAs-181a and -181b expression in HAVECs exposed to OS versus
those exposed to LS (Figure 7A). For both miRNAs-181a and -181b, the fold change increased
approximately by a factor of 7 in OS conditions. These miRNAs were significantly and
consistently observed to be the most mechanosensitive when compared to others found in the
array, including miRNA-214, -199-3p, and -199-5p.

Based on the consistent increase in 181b in HAVECs and other endothelial cell types
(25), we proceeded to study the HAVEC expression of miRNA-181b targets by quantifying the
expression of predicted target mRNAs, again utilizing our cone-and-plate system and qPCR.
First using miRTarBase, we compiled an in silico list of predicted 181b targets based on
strongest evidence by validation methods. These potential targets included nemo-like kinase
(NLK), GATAG®, caudal type homeobox 2 (CDX2), TIMP3, SIRT1, visinin-like 1 VSNLI, and
B-cell lymphoma 2 (BCL2) (Table 1). After subjecting HAVECs to LS or OS stress, we found
genes GATAG6, TIMP3, and SIRT1 were significantly downregulated in HAVECs exposed to OS
compared to LS (Figure 7B). Other aforementioned genes were not significant and therefore not
pursued further.

When juxtaposing both experiments, we observe significant upregulation of miRNA-
181a and -181b in OS HAVECs along with significant correlational reduced expression of the

predicted 181b targets GATA6, TIMP3, and SIRT genes. Because of its well-known role in
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atherosclerosis, we further focused on TIMP3 and its effect on MMP activity in HAVECs under
OS. In a valve tissue staining for TIMP3, we confirmed a higher and distinct expression of

TIMP3 along the endothelial lining of the ventricularis compared to the fibrosa (Figure 7C).

Differential MMP activity and ECM degradation in LS/OS HAVECs

TIMP3 is a known inhibitor of MMPs and a key player in the initial steps leading to
various phenotypic changes in endothelial cells (61). Therefore, we studied relative extracellular
matrix degradation levels between LS and OS HAVEC: to determine relative MMP activity after
the cells were exposed to differential shear stresses. The fluorescent gelatinase assay has been
shown to reflect cellular MMP levels by our group and others (80,81). In our experiment,
HAVECs exposed to OS exhibited higher fluorescence signal at ~115 AU compared to LS
(Figure 8A). This is correlated with higher MMP activity, or extracellular matrix degradation in
OS HAVECs.

In addition to our in vitro MMP activity assay, we performed the gelatinase assay on
human AV tissue, as we have previously shown (82). We observed a higher level of fluorescence
in the fibrosa, subjected to OS, compared to the ventricularis, which is exposed to more LS
conditions (Figure 8B). These findings were consistent with the results of the first gelatinase
assay experiment, indicating relatively higher MMP and ECM degradation in the OS-subjected

fibrosa and ECs than the LS-subjected ventricularis and ECs.

1.3 Validating TIMP3 as a miRNA-181b target
In our first experiments involving the cone-and-plate system and qPCR, we observed a

correlation of three phenomena in OS: upregulation of miRNA-181b expression, downregulation
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of the TIMP3 gene, and increased MMP activity. To show a direct relationship between miRNA-
181b and TIMP3, we transfected HAVECs with pre-miRNA-181b using Lipofectamine to
overexpress miRNA-181b and observe the effect on gene expression. First, we demonstrated
with increasing concentration of pre-miRNA, expression of miRNA-181b also increased in
HAVECS, indicating the efficacy of our pre-miRNA treatment method (Figure 9A). Moreover,
in the pre-miRNA treated samples, the predicted target genes GATA6, TIMP3, and SIRT1 were
significantly downregulated compared to the pre-miRNA control (Figure 9B). These three were,
again, the only significantly altered target genes predicted from our in silico analysis.

To further validate the direct relationship of miRNA-181b as an inhibitory regulator of
TIMP3, we treated HAVECs with anti-miR-181b to knockdown the miRNA-181b expression
levels and also observe the effects on gene expression and MMP activity. First, we showed
significantly reduced expression of miRNA-181b in HAVECS treated with anti-miRNA-181b
compared to control samples, indicating efficacious transfection (Figure 10A). In the anti-miR-
181b treated samples, we observed a significant decrease in fluorescent signal and therefore
MMP activity compared to control samples. Thus, our study demonstrated in HAVECs treated

with anti-miRNA-181b, MMP activity and ECM degradation also decreased.
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Figure 7. HAVEC miRNAs upregulated in oscillatory shear (OS) stress. HAVECs were subjected to LS or OS

using the cone-and-plate viscometer for 24 hours. RNA was collected and real-time PCR was performed for both

miRNA and mRNA expression. Valve tissues were further stained for TIMP3 protein expression. (a) miRNA-181a

and -181b demonstrated significant and the greatest increase of fold change in HAVECSs subjected to OS stress

conditions compared to HAVECs in LS conditions. (b) Genes GATA6, TIMP3, and SIRT1 were significantly down

regulated in OS HAVECs compared to LS HAVECs. (c) Valve tissue staining revealed higher TIMP3 expression

along the endothelial lining of the AV ventricularis compared to the fibrosa.
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Table 1. miRTarBase miRNA-181b target predictions. miRTarBase, an experimentally validated miRNA-target
interaction database, predicted miRNA-181b targets, including NLK, GATA6, CDX2, TIMP3, SIRT1, VSNLI, and
BCL2, based on varying validation methods. In silico analysis indicated TIMP3 and BCL2 as miRNA-181b targets

with strongest evidence. (Adapted from: http://mirtarbase.mbc.nctu.edu.tw/index.php).
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Figure 8. Gelatinase activity increase in OS stress. HAVECs were exposed to DQ gelatin fluorescein conjugate
substrate to measure MMP activity. (a) HAVECs subjected to OS conditions indicated higher fluorescence signal
compared to HAVECs subjected to LS conditions, indicating relatively higher MMP activity and greater
extracellular matrix degradation in OS HAVECs. (b) Valve tissue staining demonstrated higher fluorescence

intensity along the OS-subjected fibrosa than the LS-subjected ventricularis.
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Figure 9. 181b targets predicted gene inhibiting of TIMP3. HAVECs were treated with pre-miR-181b, followed
by real time qPCR. (a) Compared to control samples, the expression fold change of miRNA-181b increased along
with increasing nM concentrations of pre-miRNA-181b in HAVECs. (b) In HAVECs treated with pre-miRNA-
181b, genes GATAG6, TIMP3, and SIRT1 were significantly downregulated compared to the control samples. (c) In
the gelatinase assay, HAVECs treated with pre-miRNA-181b showed significantly higher fluorescence signal

compared to control samples, indicating higher MMP activity and extracellular matrix degradation.
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Figure 10. MMP activity after anti-miRNA-181b treatment in HAVECs. HAVECs were treated with anti-
miRNA-181b and followed up with a gelatinase assay. (a) Compared to control samples treated with scrambled
miRNAs, HAVECs treated with 50 nM anti-miRNA-181b showed significantly reduced expression of miRNA-
181b. (b) Compared to control samples, HAVECs treated with anti-miRNA-181b showed significant increased
expression of TIMP3. (c) In the gelatinase assay, HAVECs treated with anti-miRNA-181b showed significantly

lower fluorescence signal compared to the control samples, indicating reduced MMP activity and extracellular

matrix degradation.
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Discussion

AV calcification is a side-dependent phenomenon. It mostly affects the OS-subjected
fibrosa, whereas the ventricularis, which is subjected to LS, remains relatively unaffected
(8,25,32,33). Using our unique cone-and-plate system followed by qPCR analyses, we simulated
similar blood flow conditions, LS versus OS, in HAVECs to study a potential biological
mechanism involving shear-sensitive miRNAs that can account for AV preferential calcification.
The major findings of this study were significant correlational increase in miRNA-181b
expression, decrease in TIMP3 expression, and increased MMP activity in HAVECs subjected to
OS. These findings support our overall hypothesis: miRNA181b is upregulated by disturbed flow
in the AV fibrosa endothelium, leading to decreased expression of TIMP3 and increased matrix

degradation, summarized by Figure 11.

MMPs
ﬁ miRNA181b O§L A
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Figure 11. Proposed pathway mechanism in HAVECs. Ventricularis ECs are subjected LS stress, downregulating
mechanosensitive miRNA-181b. Lowered expression of 181b leads to increased TIMP3 expression. The
ventricularis therefore has relatively higher TIMP3 level, sequentially decreasing MMP activity responsible for
ECM degradation. On the other hand, fibrosa ECs are subjected to OS stress, upregulating miRNA-181b. High
levels of 181b reduce TIMP3 expression and therefore lead to higher levels of MMP activity and ECM degradation.

With greater ECM degradation, inflammation results, and VICs transition into calcified cells.
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In preliminary studies conducted by our lab, Holliday et al were amongst the first group
to discover an array of mechanosensitive miRNAs in HAVECs of both fibrosa and ventricularis
(25). From this pool of discovered miRNAs, we narrowed and identified specific shear-sensitive
miRNAs, including miRNA-181a, -181b, -214, -199-3p, and -199-5p, to further study. Here, we
confirmed the mechanosensitive nature of and found significant upregulation of miRNA-181a
and -181b in HAVECsS subjected to OS stress (Figure 7A). Other aforementioned miRNAs did
not significantly change between HAVECsS subjected to LS or OS stress and therefore were not
further studied. Although preliminary studies predicted these miRNAs as being shear-sensitive,
the discrepancy between array and our results could be explained by the fact that our in vitro
experiments were more controlled compared to the preliminary study, which utilized cells of
differing patient sources. Hence, ECs of differing patient sources may have responded to induced
shear stress differently. In the validation studies shown here, we used endothelial cells from only
one patient source, reducing potential extraneous factors that might have affected the array.

Of 181a and 181b, we chose to further study 181b because of its known role in
atherosclerosis. Atherosclerosis is also a progressive disease of the large arteries and is
characterized by the accumulation of lipids and fibers (83). CAVD is an early progressive
disease, often beginning with AV sclerosis lesions that are similar to early atherosclerotic
plaques but eventually progress toward severe calcification and stenosis (1,10). In previous
studies using apolipoprotein E-deficient mice, systemic delivery of miRNA-181b inhibited the
NF-kB pathway and atherosclerosis via cell-specific mechanisms in the valvular endothelium
(52,84). Interestingly, although that study showed the therapeutic advantage of miRNA-181b in
reducing inflammation, we observed relatively and significantly higher expression of miRNA-

181b in HAVECs subjected to OS. A possible explanation for the discrepancy between the
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former study and ours includes the intrinsic differences between human ECs and those of mice
(85). Moreover, the former study also focused on vascular endothelial cell, whereas our study
utilized cells derived from the aortic valve. Butcher et al. showed important differences in the
response of these two cell populations to shear stress and inflammatory stimuli (86). Both facts
highlight different cell sources as important potential causes for the differences we have
observed in the valvular endothelium.

We next focused on miRNA-181b targets, also using the cone-and-plate system and
qPCR. First, we performed an in silico analysis of miRNA-181b using miRTarBase to compile a
list of interesting 181b targets based on validation methods and evidence strength. These targets
included NLK, GATA6, CDX2, TIMP3, SIRT1, VSNLI, and BCL2 (Table 1). Our findings
showed significant down regulation of SIRT1, GATA6, and TIMP3 mRNA expression in
HAVECs subjected to OS stress (Figure 7B). From the three genes, we chose to further study
TIMP3 because of its known role as an inhibitor for MMPs and thus important regulators of
extracellular matrix degradation (61,62). Hence, we performed a valve tissue staining for TIMP3
expression and observed a relatively higher and distinct expression of TIMP3 along the
endothelial lining of the ventricularis compared to the fibrosa (Figure 7C). The results from this
tissue staining confirmed our previous findings, since the ventricularis is subjected to LS. Similar
to the findings from Figure 7A and 7B, we expected the ventricularis to exhibit downregulation
of miRNA-181b and thus has relatively higher expression of TIMP3.

SIRT1 and GATAG are also interesting miRNA-181b targets because of their roles as
transcription factors regulators in biological processes, including development and cell apoptosis
(55-60). During cardiac hypertrophy, SIRT1 upregulated the activity of the histone variant

H2A.Z, resulting in its ubiquitin-mediated degradation and thus consequential modulation of cell
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growth and apoptosis (87,88). Moreover, in other studies, SIRT1 deficient mice often died from
cardiac defects (88,89), underlining the important role that SIRT1 may have in cardiac function.
Similarly, GATA6 and GATA4 expression were critical for normal cardiac development and
when deficient, were lethal in mice development (90,91). Overall, their roles as transcription
factor regulators implicate epigenetic level regulation that may also be involved with preferential
AV calcification. However, additional studies must first be performed before constructing any
definitive conclusion. In our future studies, we would follow up with a similar research approach
for the SIRT1 and GATAG6 genes, as we have performed for TIMP3 and MMP. Since both
seemed to be implicated in epigenetics, for instance, it would be interesting to investigate how
the knockout of genes SIRT1 and GATAG6 change the gene expression profile of HAVECs using
microarrays.

Since miRNA-181b is upregulated in OS (Figure 7A) and predictively targets TIMP3,
which we have shown to decrease in OS condition (Figure 7B), we predicted an increase in
MMP activity in HAVECs subjected to OS stress. Interestingly, MMP activity is considered a
proximal biomarker for cardiac remodeling and a distal biomarker for inflammation (92). Since
our data showed significant down regulation of TIMP3 in HAVECs subjected to OS, we
predicted an increased MMP activity in the ECs, in turn, underlining the essential role
extracellular matrix degradation may play in calcification on the AV fibrosa. Using a fluorescein
substrate-based gelatinase assay, we found a higher fluorescent signal in HAVECs subjected to
OS than LS (Figure 8A). As far as we know, this is also the first attempt using the gelatinase
assay to measure and study MMP activity in the valvular endothelium. We correlate high
fluorescence with high enzymatic activity or MMP activity and ECM degradation. Thus,

HAVEC: subjected to OS condition exhibited greater ECM degradation than LS. Moreover, we
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also showed higher fluorescent signal along the endothelial lining of the AV fibrosa compared to
the ventricularis (Figure 8B). This result supports our first gelatinase assay finding because the
AV fibrosa is subjected to OS and thus, as we predicted, should exhibit higher fluorescence and
ECM degradation.

Thus far, we have demonstrated three significant phenomena in HAVECs subjected to
OS stress: 1) upregulation of miRNA-181b, 2) decreased expression of TIMP3, and 3) increased
MMP activity. These findings are however only correlational. To show a direct relationship
between miRNA-181b and TIMP3, we first transfected HAVECs with pre-miRNA-181b using
Lipofectamine to overexpress miRNA-181b and observe the effect on gene expression. First, we
demonstrated with increasing concentrations of pre-miRNA-181b treatment, miRNA-181b
expression also increased in HAVECs, confirming the efficacy of our transfection methods
(Figure 9A). Next, we found in pre-miRNA treated HAVECs, the predicted target genes
GATAG6, TIMP3, and SIRT1 were significantly downregulated compared to the pre-miRNA
control (Figure 9B). These genes were again the only significantly altered targets in OS
condition from our first cone-and-plate and qPCR study (Figure 7B). Further, in our gelatinase
assay, we showed HAVECS treated with pre-miRNA-181b demonstrated higher fluorescence
compared to control samples, therefore indicating higher levels of ECM degradation and MMP
activity (Figure 9C).

Moreover, we transfected HAVECs with anti-mir181b to knockdown 181b expression
and observe the effects on gene expression. We first demonstrated in HAVECs that were treated
with anti-miRNA-181b, miRNA-181b was significantly reduced compared to control samples,
again showing effective transfection in HAVECs (Figure 10A). After HAVECs were treated

with anti-miRNA-181b, we proceeded to perform qPCR, showing significantly increased
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expression of TIMP3, as well in GATAG6 and SIRT1 (Figure 10B). In our followed up gelatinase
assay, we observed significant decrease in fluorescent signal for HAVECs treated with anti-
miRNA-181b compared to control samples (Figure 10C). Again, we correlate the reduced
fluorescence signal in HAVECs sampled to reduced MMP activity and ECM degradation. Thus,
we demonstrated with anti-miRNA-181b, MMP activity also decreased. Though these observed
correlations are most probable due to the regulation of TIMP3, we must first conduct additional
future directional studies confirming the direct, regulatory relationship between TIMP3 and
MMPs before constructing definitive conclusions. Moreover, our next step in future studies
includes studying HAVEC:s after pre- and anti-miRNA181b transfection in dynamic conditions
by our cone-and-plate system and to expand our model to ex vivo studies using porcine valves,
which better encompasses the complex tissue.

In summary, we identified shear-sensitive miRNA-181b and studied its targets to
understand a potential biological mechanism for the intriguing phenomenon of AV preferential
calcification. Here, we propose one of the first mechanisms that attempts to link preferential
calcification to differing hemodynamic conditions of the AV via mechanosensitive miRNAs. Our
study also further provides insight on the role endothelial cells play in the development of
CAVD. Although there are many biological processes involved in the progression of AV
calcification, our study attempts to elucidate one specific biological process of the complex
disease pathway. Moreover, as targets of miRNA-181b and because of their known roles in ECM
degradation, we also identified TIMP3 and its target MMPs as potential therapeutic targets of
AV disease. In the future, these targets, particularly anti-miRNA-181b, may become the first
noninvasive treatment options, particularly anti-miRNA-181b, for patients who are affected by

AV calcification and other cardiovascular diseases.
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