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Abstract

Purpose—Calcific aortic valve disease (CAVD) is a major cause of morbidity in the aging 

population, but underlying mechanisms of its progression remain poorly understood. Aortic valve 

calcification preferentially occurs on the fibrosa, which is subjected to disturbed flow. The side-

specific progression of the disease is characterized by inflammation, calcific lesions, and 

extracellular matrix (ECM) degradation. Here, we explored the role of mechanosensitive 

microRNA-181b and its downstream targets in human aortic valve endothelial cells (HAVECs).

Methods and Results—Mechanistically, miR-181b is upregulated in OS and fibrosa, and it 

targets TIMP3, SIRT1, and GATA6, correlated with increased gelatinase/MMP activity. 

Overexpression of miR-181b led to decreased TIMP3 and exacerbated MMP activity as shown by 

gelatinase assay, and miR-181b inhibition decreased gelatinase activity through the repression of 

TIMP3 levels. Luciferase assay showed specific binding of miR-181b to the TIMP3 gene. 

Overexpression of miR-181b in HAVECs subjected to either LS or OS increased MMP activity, 

and miR-181b inhibition abrogated shear-sensitive MMP activity.

Conclusions—These studies suggest that targeting this shear-dependent miRNA may provide a 

novel non-invasive treatment for CAVD.

Introduction

Calcific aortic valve disease (CAVD) is a major cause of morbidity among the aging 

population and a major risk factor for myocardial infarction and other cardiovascular 

complications 1–3. Once diagnosed, the only available treatment is valve repair or 

replacement. Stenosis, the endpoint of CAVD, is characterized by inflammation, sclerotic 

and calcific lesions, and extracellular matrix (ECM) degradation 4,5. In addition, many 
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genetic factors (e.g., bicuspid aortic valve) and environmental factors (e.g., left ventricular 

hypertrophy) lead to increased risk for CAVD. Although CAVD poses a major medical 

problem for the aging population, the mechanisms underlying its initiation and progression 

are not well-defined, and few advancements have been made in therapeutic options for the 

disease.

The sclerosis and calcification of the aortic valve is a side-specific phenomenon, correlated 

with the differential shear stresses observed during the cardiac cycle. Each side of the valve 

experiences a distinct shear profile sensed by the overlying endothelium. The ventricularis 

layer faces the ventricle and experiences a high-magnitude and pulsatile, unidirectional, 

laminar shear stress (LS) and rarely calcifies. The fibrosa layer facing the aorta experiences 

low magnitude and oscillatory shear stress (OS). This endothelial layer exhibits a highly 

inflammatory phenotype, expressing abundant adhesion molecules and other inflammatory 

markers, and downregulating anti-inflammatory signals such as Klf2. The fibrosa 

preferentially exhibits sclerosis and calcification, with large nodules and macrophage 

infiltration mimicking atherosclerosis observed in the spongiosa and interstitium near this 

valve face. In vitro, LS conditions applied to aortic valve endothelial cells upregulate 

CAVD-protective genes such as KLF2, KLF4 and eNOS, whereas OS conditions upregulate 

pro-CAVD genes and paracrine mediators such as BMP4, Cathepsin K, and matrix 

metalloproteinases MMP-2 and MMP-9 6,7.

Notably, the matrix metalloproteinases (MMPs) have been correlated with valve disease in 

various studies of human and porcine valves. MMP levels are known to be higher at sites of 

calcification in both the endothelium and the interstitial cells. However, the mechanism by 

which MMPs are upregulated in CAVD conditions has not yet been discerned, and while 

their causative role in cancers and atherosclerosis has been shown, their contribution to 

CAVD remains undefined 8–10. MMPs are known to degrade extracellular matrix (ECM) in 

order to allow for cellular growth, migration, or infiltration as observed in tumor metastasis. 

The remodeling of the ECM has been previously studied in the context of aortic valve 

stenosis and calcification 11–14, but the activity of MMPs in that phenomenon are still 

unknown. In addition, the potentially important mechanism by which low and oscillatory 

shear-stress may mediate MMP activity and extracellular matrix degradation in CAVD have 

not been characterized.

In order to find novel pathways regulating CAVD in the aortic valve, our group has recently 

performed a microarray exploring side- and shear-dependent RNA expression in aortic valve 

endothelium15. We isolated endothelial enriched RNA from fresh porcine valves to 

determine which RNA is uniquely expressed on each side of the valve. In addition, we 

subjected human aortic valve endothelial cells (HAVECs) to LS or OS for 24 hours to 

determine mechanosensitive RNA expression. Our array revealed many side- and shear-

dependent microRNAs (miRNAs). miRNAs are short (18–22) nucleotide sequences which 

bind to the 3′-untranslated region (3′UTR) of mRNA thereby regulating protein expression 

by degradation of mRNA targets or by suppression of translation 16. Despite their 

characterization in other cardiovascular systems, miRNAs have not been thoroughly 

explored in the AV endothelium. In the interstitium, these mediators have proven to be 

critical for regulation of osteogenic transformation: miRNA-30b was shown to prevent 
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interstitial cells transforming into calcifying cells 17, and miRNA-141 targets TGF-β and 

BMP-2 signaling, which are critical for valvular interstitial osteoblastic differentiation 

leading to tissue calcification18. From our array analyses, we discovered one particular 

microRNA, miR-181b, that is abundant in HAVECs and consistently upregulated in OS in 

vitro. This microRNA was also predicted to regulate the previously undefined TIMP3/MMP 

pathway, and thus was chosen as a potential novel therapeutic candidate for further study.

MiRNA-181b has been shown to be shear-sensitive in aortic valve endothelial cells 6 as well 

as side-specific in porcine aortic valves 19 however, its potential role in CAVD has yet to be 

discovered. In order to determine the mechanistic role of miR-181b in HAVECs, we 

conducted an in silico analysis to determine its predicted and partially validated target genes. 

From this analysis we found that miRNA-181b targets TIMP3, a known inhibitor of MMPs 

that has been previously shown to be shear-sensitive and critical in preventing matrix 

remodeling in atherosclerosis 20. Via overexpression and inhibition of miR-181b along with 

TIMP3 3′UTR luciferase reporter studies, we found that TIMP3 is a direct target of 

miR-181b. Through a series of gelatinase assays showing HAVEC MMP activity, we found 

that miR-181b suppresses TIMP3 in OS conditions leading to increased ECM degradation 

and remodeling. These findings provide a novel therapeutic target for CAVD by targeting 

miR-181b or TIMP3 to prevent ECM remodeling or degradation characteristic of CAVD 

pathology.

Materials and methods

Quantitative real-time PCR

Total RNA was reverse transcribed for use in a two-step quantitative reverse transcribed–

PCR using the qRT-PCR kits (Invitrogen). For measurement of mRNA targets, qPCR was 

performed on selected genes using VeriQuest Fast SYBR QPCR Master Mix (Affimetrix) 

with custom designed primers using 18S as house-keeping control. The PCR conditions 

were 2 min at 50 °C, 5 min at 95 °C, followed by 40 cycles of 95 °C for 4 s and 60 °C for 30 

s. Fold changes between LS and OS were determined for all targets using the ΔΔCt method. 

Sequences for primers used for mRNA expression studies have been listed in Supplementary 

Tables S1.

Mature miRNA assays were performed using miRNA quantification and was performed by 

SYBR green qPCR assay using miScript reverse transcription kit (Qiagen) according to the 

manufacturer’s instructions. qPCR was performed using miScript SYBR Green PCR kit 

(Affimetrix) with miScript universal primer (U6B) and the miRNA-specific forward primers 

and relative fold change was calculated1. The specific mature primers were purchased from 

Qiagen. The amplification profile was denaturation at 95 °C, 15 min, followed by 40 cycles 

of 94 °C, 15 s; 55 °C, 30 s; and 70 °C, 30 s.

Cell culture and in vitro shear stress system

Side-specific HAVECs from both the fibrosa (fHAVECs) and the ventricularis (vHAVECs) 

endothelium were isolated from noncalcified AVs obtained from heart transplant recipient 

surgeries (n = 6) (according to an Insititutional Review Board-approved protocol at Emory 
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University and Georgia Institute of Technology) as previously described6 and detailed in the 

Supplemental Material.

Upon confluency, HAVECs were exposed to steady shear stress (LS) using the cone-and-

plate viscometer, as has been previously reported6,21,22 and described in further detail in the 

Supplemental Material. Oscillatory shear stress (OS) was applied using the cone-and-plate 

viscometer. For LS, we used a unidirectional shear stress of 20 dyn/cm2; for OS, we used a 

bidirectional shear stress of ±5 dyn/cm2 at 1 Hz to approximate the complex shear stress 

conditions surrounding AVECs in vivo23. While the shear conditions used in this study do 

not exactly mimic the conditions surrounding the valve in vivo, we have previously shown 

LS and OS at these magnitudes to induce anti-inflammatory Klf2 expression or 

inflammatory signaling at levels similar to those observed in vivo6.

Immunofluorescent staining of human aortic valves

Calcified human AVs were obtained immediately following valve replacement surgeries in 

16 patients at Emory University Hospital Midtown according to the IRB-approved study at 

Emory University with written informed consent. Fifteen patients had trileaflet valves, while 

one patient had a bicuspid AV. Patient demographics are noted in our group’s previous 

publication using this cohort22. Briefly, the patient characteristics are: average 55 years old; 

16% female; 50% diabetic patients; and, 33% of hypertensive patients. Immediately 

following harvesting, the AVs were photographed, washed in ice-cold phosphate buffered 

saline, and cusps were individually snap-frozen in optimal cutting temperature (O.C.T.) 

compound (Tissue-Tek). Valves were then sectioned (7 μm) in the radial direction to include 

the base and free edge (tip), stored at −80°C and used for immunohistochemical staining 

studies.

Staining was performed as we have described previously22, using specific antibody against 

TIMP3 (Abcam) and CD31 (BD Biosciences), and appropriate secondary antibody 

conjugated to fluorophore at A488 or A568 (Life Technologies). Hoechst 33342 (Life 

Technologies) was used to stain nuclei. All measurements were performed using ImageJ 

(NIH) and they are represented as intensity of TIMP3 staining normalized to number of 

DAPI positive cells.

Transient transfection with oligonucleotides

For the functional tests of miR-181b in vitro, cells were transiently transfected with 

miRNA-181b-5p mimic (Life Technologies), mimic control, anti-miR-181b-5p (Exiqon), 

mismatched anti-miR control (Exiqon) using Oligofectamine (Invitrogen), following 

manufacturer’s protocol as described previously24. For static conditions cells were collected 

48h after transfection. For shear experiments, cells were sheared 24h after transfection.

Dual-luciferase activity assays

Firefly luciferase activity measurement was obtained at room temperature using Luc-Pair 

miR Luciferase Assay Kit (GeneCopoeia) and a single tube luminometer (Model TD 20/20 

Turner Designs, Sunnyvale, CA). Dual-luciferase reporter constructs containing 3′UTR of 

TIMP3 with miR-181b binding sites (GeneCopoeia) were transfected into HAVECs using a 
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Nucleofection Kit (Lonza). HAVECs were transfected first with wild-type TIMP3 gene 3′-

UTR using HUVEC Nucleofector™Kit (Lonza) and were allowed to recover for 24 h. 

Second transfection was performed using increasing concentrations of miR-181b mimics or 

mimic control with Oligofectamine 2000 (Invitrogen). Firefly and Renilla luciferase 

activities were measured using a Luc-Pair™miR Luciferase Assay (GeneCopoeia) as per 

manufacturer’s recommendations.

Gelatinase assay

In order to determine the activity of MMPs in HAVECs under different shear conditions, we 

used the EnzChek Gelatinase/Collagenase Assay kit (Thermo Fisher). The kit utilizes a 

gelatin substrate from porcine skin, labeled with fluorescein, which can be degraded by 

gelatinases and collagenases such as MMPs. The level of substrate degradation is reflected 

by fluorescent signal, absorption 495 nm/emission 515 nm, read via Biotek plate reader. We 

incubated 100 ul HAVEC lysate suspended in kit buffer with 20 ug DQ gelatin substrate for 

2 hours, and then recorded fluorescent signal for each sample. Values were adjusted by 

subtracting fluorescent signal of blank wells, and normalizing to total sample protein 

content.

In vitro MMP inhibition

We analyzed the specific contribution of MMPs to the gelatinase fluorescence using MMP 

chemical inhibitor GM6001 (Millipore), which efficiently inhibits many MMPs, including 

MMP-1, 2, 3, 8, and 9. After transfection with miR-181b mimic, we treated HAVECs with 

30 nM for 24 hours. The cell lysate was collected and gelatinase assay was performed as 

described above.

Statistical analysis

Statistical analyses were performed using Excel and Graphpad Prism software. Error bars 

are reported as the standard deviation value. Pairwise comparisons were performed using 2-

tailed Student’s t test and one-way ANOVA, where appropriate. Details of statistics within 

datasets are included in figure legends and Results.

Results

miR-181b is a shear-sensitive miRNA upregulated in OS conditions and it targets TIMP3 
which is shear-sensitive in HAVECs and side-specific in human aortic valves

From our previous microarray studies, we chose 5 of the top side- and shear-sensitive 

microRNAs to validate using real-time PCR. In HAVECs in vitro, miR-181b was 

significantly higher in OS compared to LS (Figure 1A). This was consistent with the porcine 

side-specific endothelial array and the previous HAVEC array, both of which showed 

increased miR-181b at the fibrosa and under disturbed flow (Figure 1B and 1C)19. We then 

proceeded to conduct an in silico analysis on miRTarBase (http://

mirtarbase.mbc.nctu.edu.tw/) and miRwalk (http://zmf.umm.uni-heidelberg.de/apps/zmf/

mirwalk2/) to find predicted targets of miR-181b from previous arrays and published 

studies. The top predicted and published target genes at that time were NLK, GATA6, 

CDX2, TIMP3, VSNL1, BCL2 and SIRT1. We probed for these genes in HAVECs sheared 
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in LS or OS for 24h, and we found that GATA6, TIMP3 and SIRT1 were highly shear-

sensitive, showing a decrease in OS compared to LS (Figure 1D). Because of its known role 

in matrix degradation and our group’s previous work in this area, we focused on TIMP3 for 

further study. TIMP3 is an inhibitor of extracellular matrix degradation through MMP 

inhibition that potentially links previous studies describing increased ECM degradation in 

stenotic or calcific valves compared to healthy valves9,10. As a functional readout of matrix 

remodeling in HAVECs, we used the DQ gelatin substrate in the gelatinase assay25, which 

has been shown to correlate with MMP activity and matrix degradation15. Correlating with 

the loss of TIMP3 in OS, we observed a 2.5-fold increase in gelatinase activity in HAVECs 

sheared in OS conditions compared to LS (Figure 1E).

In order to determine the expression of TIMP3 in valve tissue, we sectioned and stained 

noncalcified human aortic valves with antibody specific for TIMP3 as well as with antibody 

specific for CD31, an endothelial cell marker. We found that TIMP3 was significantly 

downregulated in the fibrosa endothelium compared to the ventricularis, confirming our 

analyses in vitro (Figure 1F). After quantification of TIMP3 staining in 6 valves using 

ImageJ software and normalizing to the number of DAPI positive cells, we observed a 35% 

decrease of TIMP3 in the fibrosa compared to the ventricularis layer (Figure 1G). This data 

suggests that miR-181b is upregulated in the fibrosa under disturbed flow and it may be 

targeting TIMP3 to increase matrix degradation.

miR-181b targets TIMP3 and increases ECM degradation in HAVECs

In order to determine if miR-181b directly regulates TIMP3 at the gene level, we treated 

HAVECs with miR-181b-mimic at a concentration of 20nM for 48h and we quantified the 

expression of miR-181b, miR-181a and miR-181c. The mimic for miR-181b was specific, 

only showing an increase in miR-181b and not its other family members (Figure 2A). 

Quantification of target genes of miR-181b by qPCR conducted on HAVECs treated with 

miR-181b mimic showed TIMP3 (along with the two other target genes we observed earlier, 

GATA6 and SIRT1) was downregulated when miR-181b was overexpressed (Figure 2B). 

Gelatinase assay was performed on HAVECs treated with miR-181b mimic to determine 

altered MMP activity, and we found that there was two-fold increase in MMP activity when 

miR-181b was upregulated (Figure 1C). Thus, miR-181b overexpression leads to 

downregulation of TIMP3 and an increase in gelatinase/MMP activity.

We performed the same set of experiments using antimiR-181b at a concentration of 100 

nM, which resulted in a decrease in miR-181b by 75% after 48 hours of treatment (Figure 

2D). The TIMP3, GATA6, and SIRT1 genes were all significantly upregulated when 

miR-181b was silenced (Figure 2E). MMP activity in HAVECs treated with anti-miR-181b 

was decreased by 2.5 fold (Figure 2F). These results strengthened the hypothesis that 

miR-181b targets TIMP3 to increase matrix remodeling, and decreasing miR-181b may 

rescue this effect.

To test if miR-181b binds directly to the 3′ UTR of TIMP3 to decrease its expression, we 

employed a dual-luciferase reporter assay in HAVECs transfected with wild-type TIMP3 3′-

UTR firefly luciferase construct, as we have described previously15. Treatment of cells with 

miR-181b mimic inhibited luciferase activity in a dose-dependent manner, while control pre-
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miR had no effect (Figure 2G), demonstrating that miR-181b indeed binds to the TIMP3 3′-

UTR and inhibits its expression in HAVECs. In order to confirm the gelatinase assay was 

primarily showing MMP activity, we used MMP inhibitor GM6001 to decrease MMP 

activity in HAVECs treated with miR-181b mimic. The gelatinase activity normally 

observed in HAVECs, treated with either control or miR-181b mimic, was decreased after 

MMP inhibition (Figure 2H), suggesting that the MMPs are responsible for the majority of 

the gelatinase activity changes observed in HAVECs. To finally confirm that miR-181b is 

increasing gelatinase activity via its targeting of TIMP3, we transfected HAVECs with both 

anti-miR-181b and siRNA for TIMP3. The HAVECs with knockdown of both miR-181b and 

TIMP3 showed higher levels of MMP activity compared to anti-miR alone (Figure 2I). This 

result clearly shows that the decreased matrix degradation resulting from anti-miR-181b 

treatment works through specific rescue of TIMP3.

miR-181b is responsible of the increase in matrix degradation observed in OS conditions

To test the hypothesis that matrix remodeling is increased by mechanosensitive miR-181b 

under disturbed flow, we subjected HAVECs treated with miR-181b mimic to either LS or 

OS conditions for 24h. We quantified the levels of miR-181b after shear was applied and we 

found that miR-181b levels were increased dramatically in both LS and OS (Figure 3A), and 

this correlated with increased gelatinase/MMP activity in both shear stress conditions 

(Figure 3B). Notably, the usually low levels of gelatinase activity observed in LS were 

increased 4-fold after treatment with miR-181b mimic. We performed the same assays using 

HAVECs treated with anti-miR-181b under LS and OS. Anti-miR treatment decreased 

miR-181b by 80% (Figure 3C), and the normally high levels of MMP activity observed in 

OS were abrogated upon anti-miR-181b treatment (Figure 3D). These data suggest that the 

shear-dependent change in matrix degradation we observe in HAVECs is dependent on 

miR-181b, which may be a master microRNA regulator of shear-dependent matrix changes 

in the aortic valve endothelium, as shown in Figure 4.

Discussion

These studies are the first to show a direct effect of mechanosensitive microRNAs on matrix 

degradation in the aortic valve endothelium. While the levels and activity of MMPs have 

been suggested in previous studies to play a role in the degradation of the valvular 

extracellular matrix contributing to calcification13,26,27, our work suggests a causative 

endothelial mechanosensitive pathway responsible for this phenomenon. MMPs are critical 

for the progression of cardiovascular disease in various tissues, including 

atherosclerosis28–30 and ischemia reperfusion injury31,32. However, MMP activity has not 

been shown to participate directly in valve calcification, and MMP-mediated ECM 

degradation may participate in the progression of inflammatory cell infiltration12,33. Here, 

we have highlighted a novel pathway, showing TIMP3 inhibition of MMP activity is vital for 

maintenance of valve endothelial cell homeostasis, and disturbed flow leads to 

downregulation of TIMP3 via mechanosensitive microRNA-181b. This causes increased 

MMP activity and leads to increased matrix degradation, known to lead to worsened valve 

sclerosis and calcification34,35.
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While TIMP3 has previously been identified as a major regulator of matrix remodeling36, 

our current work reveals its previously unknown role in the valve endothelium. In separate 

studies, our group has shown that TIMP3 is downregulated by disturbed flow in 

atherosclerosis, which leads to exacerbated MMP activity and lesion formation15. The study 

highlighted here shows a similar role for TIMP3 in the valvular endothelium, although under 

the control of a different mechanosensitive microRNA, miR-181b. We have performed a 

microarray to determine microRNAs that are mechanosensitive in HAVECs and porcine 

valves19, which proved a powerful tool in determining microRNAs which may be regulated 

by differential flow in the valve. The array revealed miR-181b to be significantly 

upregulated in disturbed flow and the porcine fibrosa, which was confirmed by quantitative 

PCR shown in these studies. Future work from our group will continue to utilize the dataset 

from the microarray to further analyze other shear-sensitive microRNAs and their 

downstream targets, which may be critical in the initialization and progression of valve 

sclerosis and calcification.

The targeting of TIMP3 by microRNA-181b has been described in the context of cancers, 

including gastric cancer37 and hepatocellular carcinoma38. In these diseases, miR-181b 

suppresses TIMP3 and increases MMP activity, allowing for tumor growth and infiltration 

into the surrounding tissue environment. These studies correlate with our observations that 

miR-181b downregulates TIMP3 in the valve endothelium, which increases matrix 

remodeling critical for valve sclerosis and calcification. The analysis of this pathway in 

previous studies may also point toward a regulatory pathway upstream: Wang et al. found 

that miR-181b can be induced by alteration of transforming growth factor-beta and its Smad 

targets38. This pathway and its relevance to the aortic valve warrant further study in the 

valve endothelium and is a focus of our future work.

Our current studies demonstrate the pathological role of microRNA-181b induced by 

disturbed flow in valve endothelium. Our work clearly shows that mechanosensitive 

microRNA-181b targets and downregulates TIMP3 via binding to the TIMP3 3′UTR, 

leading to increased MMP-mediated degradation of extracellular matrix. This microRNA in 

particular has been studied at length in various endothelial cells and diseases39–42. It seems 

to play a conflicting role in disease progression or protection depending on tissue and 

disease context. In elegant and thorough studies, microRNA-181b was shown to protect 

against atherosclerosis by inhibiting endothelial inflammation41. Circulating miR-181b was 

found to be reduced in the blood of patients with coronary artery disease and ApoE−/− mice 

fed with high-fat diet also presented lower levels of miR-181b in the aortic intima layer. 

Systemic delivery of miR-181b in ApoE−/− fed with high-fat diet inhibited atherosclerotic 

lesion formation, proinflammatory gene expression and the influx of lesional macrophages 

and CD4+ T cells in the vessel wall. While our current work shows an opposing role for this 

microRNA in the valve, this incongruity may indicate a complex system of regulation of 

microRNA-181b that is context-dependent. In certain cancers, miR-181b is tumorigenic43, 

while it may regulate glucose levels in adipose tissue42. Thus, our work combined with the 

previously defined pathways of miR-181b regulation indicate a tissue-specific role for this 

microRNA. While more work is required to determine the reasons for the differences 

observed between our studies and others, we have clearly observed a pathological role for 

miR-181b in the valve endothelium.

Heath et al. Page 8

Cardiovasc Eng Technol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We have also shown here that microRNA-181b targets other genes in HAVECs, including 

SIRT1 and GATA6. These studies are the first to demonstrate the mechanosensitivity of both 

of these genes, and their targeting by microRNA181b. In fact, the role of SIRT1 and GATA6 

in the valve has not yet been described. Thus, these represent novel targets for future studies 

by our group. Both of these genes are known to play a protective role in atherosclerosis: in 

an angiotensin-induced model of atherosclerosis, SIRT1 induces endothelial relaxation and 

may inhibit the formation of foam cells in the vasculature44. GATA6 protects against intimal 

hyperplasia by controlling smooth muscle cell differentiation as well as inhibiting VCAM-1 

expression in treated endothelial cells45. Both of these targets present novel avenues of study 

in the aortic valve, and prove to be as important as TIMP3 in maintaining valvular 

homeostasis and tissue integrity. When taken together, the wide array of functions controlled 

by target genes of miR-181b suggest that this microRNA may be a master regulator of aortic 

valve endothelial cells under disturbed flow, orchestrating a complex a multi-faceted change 

in the phenotype of the cells and the structure of the whole valve. The pathway we have 

highlighted in this study may be just one of many important for this change, and thus further 

analysis is necessary to obtain a better overall picture of miR-181b network regulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mechanosensitive miRNA-181b is upregulated in OS, correlated with decreased TIMP3 
and increased MMP activity
A) HAVECs were sheared for 24h under high-magnitude unidirectional shear-stress (LS, 

20dyn/cm2) or under low-magnitude bidirectional shear-stress (OS, ±5dyn/cm2 @1Hz). 

miRNA-181b was significantly upregulated in OS conditions compared to LS. n=4, 

**p<0.01. B,C) Endothelial enriched-RNA from the fibrosa layer (F) and the ventricularis 

layer (V) from fresh porcine valves as well as RNA from HAVECs sheared in OS or LS 

conditions was harvested and a miRNA array was conducted. In both cases miR-181b was 

upregulated in disturbed flow conditions compared to steady flow (F/V and OS/LS) 

indicating side- and shear-dependence. D) qPCR quantification of predicted miR-181b gene 

targets from HAVECs sheared under LS or OS conditions. n=4, *p<0.05. E) MMP activity 

quantification from HAVECs sheared for 24h under LS or OS. n=3, *p<0.05. F,G) 

Immunohistochemistry was conducted on noncalcified human aortic valves to quantify 

TIMP3 expression on each layer of the aortic valve as well as the endothelial marker CD31. 

We have normalized TIMP3 intensity to the number of DAPI positive cells in the endothelial 

layer. n=6, *p<0.05. Scale bar=100 μm.

Heath et al. Page 13

Cardiovasc Eng Technol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. miR-181b targets TIMP3 and increases matrix degradation in HAVECs
A) HAVECS were treated with miR-181b mimic at 20nM for 48h and expression of 

miR-181 miRNAs was quantified by qPCR. B) Expression of predicted gene targets of 

miR-181b was measured in HAVECs treated with miR-181b mimic or control 48h after 

transfection. C) MMP activity was measured via gelatinase assay in HAVECs transfected 

with miR-181b mimic. D) HAVECs were treated with anti-miR-181b at 100nM for 48h and 

expression of miR-181b was quantified by qPCR. E) Expression of predicted gene targets of 

miR-181b were measured in HAVECs treated with anti-miR-181b or anti-miR control 48h 

after transfection. F) MMP activity was measured via gelatinase assay in HAVECs 

transfected with anti-miR-181b G) HAVECs were transfected with wild-type TIMP3 3′-

UTR firefly luciferase construct for 24h and with serial concentrations of miR-181b mimic 

for 24h. A dual-luciferase reporter assay was then used to measure transcription of the 

TIMP3 3′-UTR construct. H) HAVECs were transfected with miR-181b mimic or mimic 

control at 20nM and treated with MMP inhibitor GM6001 or vehicle control (DMSO) for 

48h. MMP activity was measured using the gelatinase assay. I) HAVECs were first 

transfected with anti-miR-181b or anti-miR-control for 24h before being transfected with 

siRNA-TIMP3 or siRNA control at 50nM for 24h. We then measured MMP activity on these 

samples. n=3, *p<0.05
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Figure 3. miR-181b is responsible for shear-dependent ECM degradation
A–B) HAVECs were transfected with miR-181 mimic (181b mimic) or mimic control at 

20nM for 24h previous to application of 24h shear-stress conditions either LS or OS. 

Expression of mir-181b was quantified via qPCR (A), and MMP activity was measured via 

gelatinase activity (B). n=4, *p<0.05,**p<0.01. C–D) HAVECs were transfected with anti-

miR-181b (anti-181b) or anti-miR control at 100nM for 24h previous to application either 

LS or OS. Expression of mir-181b was quantified via qPCR (C) and MMP activity was 

measured via gelatinase activity (D).
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Figure 4. Schematic: miR-181b induces endothelial ECM degradation by targeting TIMP3
High-magnitude laminar shear stress at the ventricularis suppresses endothelial expression of 

miR-181b, leading to an increase in TIMP3 expression. TIMP3 inhibits MMP activation and 

extracellular matrix degradation, protecting the ventricularis from further events leading to 

valve calcification, as described by Chen and Simmons35. Low-magnitude oscillatory shear 

stress at the fibrosa stimulates endothelial expression of miR-181b, which downregulates 

TIMP3, leading to increased MMP activity and extracellular matrix degradation. This 

remodeling of the ECM may lead to aortic valve sclerosis and calcification through multiple 

mechanisms35.
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