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 Aortic valve stenosis is the third most common form of heart disease and afflicted 

individuals are at risk for infective endocarditis, congestive heart failure, or death. Having a 

bicuspid aortic valve is the highest risk factor for developing calcification; it undergoes increased 

strain due to asymmetrical leaflet geometry. This investigation presents the mechanisms in which 

cyclic stretch affects inflammatory and osteogenic pathways of aortic valve disease. We show 

that human aortic valve interstitial cells (AVICs) exposed to stretch express increased matrix 

metalloproteinases (MMPs) and interleukins (ILs), activate macrophages, and upregulate family 
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members in the transforming growth factor beta (TGFβ) signaling cascade. Multiple microRNAs 

are implicated to modulate aortic valve disease. Analysis of the miRNA-Sequencing data found 

miR-148a to be repressed by stretch and target inhibitor of kappa light polypeptide gene enhancer 

in B cells (IKBKB), an activator of the nuclear factor kappa light chain enhancer of activated B 

cells (NF-κB) signaling pathway of inflammation.  MiR-148a mimic transfection in AVICs 

repressed IKBKB and downstream NF-κB signaling at both transcriptional and translational 

contexts. We additionally identified decreased miR-19b expression in stretched AVICs and 

bicuspid aortic valve tissue. Transfection with miR-19b mimic decreased transcription of 

potential targets, transforming growth factor beta receptor II (TGFBR2) and insulin-like growth 

factor 1 (IGF-1); however, alkaline phosphatase was simultaneously upregulated indicating that 

stretch responsive miR-19b may influence valve calcification in an alternative pathway. Further 

investigation of IGF-1 is necessary. Development of microRNA based treatments for aortic valve 

disease may circumvent the limited therapeutic options currently available.  
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INTRODUCTION 

1.1 Aortic Valve Stenosis 

Aortic valve stenosis/calcification is the narrowing of the aortic valve due to 

mineralization. This leads to a constrained systolic opening and an obstruction of blood flow to 

the systemic circulation. Studies on patients with aortic valve stenosis indicate an increase of 

7mm Hg/year of the transaortic pressure gradient, complemented by a decreased aortic valve area 

of 0.1cm
2
/year

1
. Inadequate closure and increased biomineralization can alter the pressure 

gradient across the valve and result in potential heart failure, making this disease clinically 

relevant
2
.  Aortic valve stenosis is the third most common form of all heart diseases and the most 

prevalent form of valvular disease in westernized countries 
3
. Calcific aortic stenosis progresses 

with age; 2% to 4% of adults over 65 years old are affected 
4
. Over 50,000 valve replacements per 

year are conducted with an associated mortality rate of 8.8% for patients over 65
5-8

. Surgery or 

percutaneous methods of aortic valve replacement has remained the common form of treatment as 

there are currently no drug therapies to slow or reverse the disease progression
7,8

 . 

A normal aortic valve is tricuspid with three leaflets. Bicuspid aortic valve (BAV) disease 

is the most prevalent congenital cardiac condition in affecting 1-2% of the population. 
9-11

. The 

failure of the leaflets to separate during cardiac development results in the fusion of two aortic 

cusps. The fused cusps in a BAV are unequally sized and typically have an area smaller than that 

of two normal leaflets combined
12

. The BAV has a predisposition to an earlier onset of leaflet 

calcification in which individuals experience calcification around two decades earlier than those 

with tricuspid valves
9
. Having a bicuspid aortic valve morphology is tightly linked to the onset of 

calcification
9-11

. It is commonly recognized that 50% of adults with severe aortic valve stenosis 

have a bicuspid valve
11

. This is also indicated by a cohort study of 465 adult patients undergoing 

aortic valve replacement which showed that 63.7% of patients with stenosis had a BAV
13

. Thus, 
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the implications of a bicuspid aortic valve that leads to the progression of aortic valve stenosis 

make it an interesting target for molecular research. 

 

1.2 The Role of Biomechanical Stress and Calcific Aortic Valve Pathways 

Finding effective medical treatments to prevent the disease progression is circumvented 

by the limited knowledge of the molecular pathogenesis for calcification. Current research on 

aortic valve calcification primarily focuses on the contributions of genetic and atherosclerotic 

factors in the development of degenerative calcification. Although there is positive evidence to 

support such findings, it is necessary to also recognize the mechanics/kinetics and non-genetic 

factors that influence the disease. A bicuspid aortic valve undergoes increased stress due to its 

fused leaflets during every cardiac contraction
14

. The mechanical forces a BAV undergoes due to 

its abnormal geometry includes increased hemodynamic shear stress
15

 and excess cyclic strain in 

the tangential direction of blood flow
16

. Our lab conducted an ex vivo study that compared an 

engineered biscupid pig valve to a tricuspid valve and determined that BAVs experience a 25% 

increase in strain in the radial direction when undergoing systole, which supports prior literature. 

These finding are being documented in a separate paper. Thus, we have taken on the novel 

approach to investigate the role of biomechanical strain as experienced in BAVs and its role in 

the calcification process.  

Inflammation and osteogenic pathways are responsible for significant contributions 

towards the calcification of aortic valves. Histologic investigations of stenotic aortic valve leaflets 

reveal increased inflammatory signaling activation
17-20

. Such pathways are documented to lead to 

the characterization of thickened leaflets, calcific nodules, macrophage activation, and T-cell 

proliferation in stenotic aortic valves 
20-22

.  Studies on aortic valve interstitial cells (AVICs) and 

stenotic tissue demonstrate activation of inflammatory pathways that result in increased matrix 

metalloproteinases(MMPs) and interleukins (ILs)
23,24

. Additionally, aortic valve myofibroblasts 
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cultured from calcified valves have also shown increases in MMPs
25

. The modulated 

inflammatory pathways seen in aortic valve stenosis is complemented by upregulation of various 

osteogenic markers. Bone regulatory factors and matrix proteins are believed to contribute to the 

calcification process as seen through tissue examination and in vitro
23,24,26-29

. One goal of our 

study is to determine the molecular mechanisms behind calcifying aortic valves in response to 

biomechanical strain, alongside the pathways of inflammation and osteogenesis; this vital for 

understanding how the disease progresses and may be prevented. Current research in the field is 

in its early stages 
30-32

.  We expect to see upregulation of inflammatory markers and mediators of 

osteogenesis when exposing human aortic valve interstitial cells to biomechanical stress. 

 

1.3 NF-κB and Inflammatory Activation of Stenotic Valves 

Nuclear factor kappa light chain enhancer of activated B cells (NF-κB) mediated 

activation is known to hold a fundamental role in the induction of pro-inflammatory gene 

expression resulting from a variety of intercellular cellular stimuli and external stressors
33

. The 

NF-κB response can be characterized by a release of pro-inflammatory cytokines and adhesion 

molecules which find residence in degenerative tissue
34

. There are additional implications of 

increased pro-osteogenic gene expression mediated by the NF-kB that leads to calcific aortic 

valve stenosis
35,36

. One part of our study is primarily focused on the inflammatory responses of 

the NF-κB signaling pathway and its relation to calcification. 

NF-κB is located within the cytoplasm as an inactive heterodimer, p65-p50, due to its 

association with regulatory protein IκBα. Activation of NF-κB requires release from such 

inhibitory protein and is mediated by phosphorylation through IκB kinase(IKK)
33

. IKK is made 

up of three subunits, IKKα, IKKβ, and their regulatory unit IKKγ
37

. Exposure to pro-

inflammatory stimuli, such as interleukins or bacterial lipopolysaccharides, results in IKK 

activation. This allows IKKβ to phosphorylate IκBα proteins at direct NH2-terminal serines, 
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signal for enhanced ubiquination, and lead to IκBα proteosomal degradation
33,38-40

. Through this 

process, the NF-κB heterodimers are released from the NF-κB-IκBα complex then allowed to 

translocate into the nucleus. Upon residing in the nucleus, NF-κB is free to bind to enhancer 

regions of its pro-inflammatory target genes and activate transcription
33,40

. 

A study that eliminated the IKKα subunit had no effect on IKK kinase activity, indicating 

that IKKα is not responsible for IKK activation upon exposure to pro-inflammatory stimuli. In 

contrast, deficiency of IKKβ leads to a significant decrease in NF-κB signaling and is required in 

the primary inflammatory pathway
39,41

. Regulation of proteins within the NF-κB pathway, 

specifically IKKβ may reveal links to the development of a stenotic aortic valve through the 

inflammatory processes.  

 

1.4  TGFβ Signaling and Mediation of Calcific Aortic Valves 

Transforming growth factor beta (TGFβ) superfamily encompasses a wide number of 

regulatory proteins that mediate growth and developmental genes, many of which are indicated to 

be closely associated with the biological mechanisms of calcific aortic valves and show an 

osteogenic phenotype
42

. TGFβ is known to regulate pathways involving bone metabolism and 

proliferation of osteogenic genes such as alkaline phosphatase
43,44

. In addition, the response to 

TGFβ ligands have shown increases in bone morphologic proteins and MMPs seen in vitro and in 

pathological tissue samples of calcified valves
45,46

. Prior studies have indicated that the crosstalk 

between TGFβ signaling and its downstream targets such as BMP
46,47

 and SMAD proteins may 

signal differentiation of osteoblasts and regulate progressive stenosis in aortic valves 
48,49

. 

The TGFβ signaling cascasde begins when the TGFβ ligand binds to the cellular 

transmembrane protein, TGF-β type II receptor (TGFBR2). The binding initiates recruitment of 

the TGF-β type I receptor (TGFBR1) and formation of a hetero-tetrameric ligand-receptor 

complex, where both TGFBR1 and TGFBR2 are serine/threonine receptor kinases
50,51

. TGFBR2 
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subsequently phosphorylates the GS domain of TGFBR1, thereby activating it’s kinase activity
50

 . 

A protein called SARA, SMAD anchor for receptor activation, has a high affinity for R-SMAD, 

also known as receptor regulated SMADS. SARA displays R-SMAD as an active substrate for 

TGFBR1 kinase activity
50-52

.  R-SMAD is composed of SMAD2 and SMAD3 and once 

phosphorylated, decreases its affinity for SARA
51

.  Phosphorylated SMAD2/3 in the cytoplasm is 

allowed to form a heterotrimeric complex with a co-mediator SMAD4
50,51

. The SMAD complex 

translocates into the nucleus and can directly bind to DNA and contribute to transcriptional 

modifications of downstream genes
52,53

. Investigation of the TGFβ signaling cascade and the 

transcriptional regulation in potential calcific pathways in aortic valves is of clinical relevance for 

study. 

 

1.5 MicroRNAs and the Post-transcriptional Regulation of Aortic Valve Calcification 

MicroRNAs (miRNA) are noncoding RNAs that regulate the endogenous expression of 

multiple genes throughout an organism’s standard physiologic or disease state
54,55

. They are 

relatively small, between 18-22 nucleotides in length,
54

 yet hold a substantial role in influencing 

various biological pathways. Dysregulation of miRNAs is a contributing factor to the 

pathogenesis of many cancers and other malignancies
54-56

.  

A mature miRNA is created through an extensive biological process beginning in the 

nucleus where RNA polymerase II transcribes a hairpin stem-loop pri-miRNA transcript 

anywhere between a hundred to few thousand base pairs long
57,58

. The microprocessing activity of 

Drosha, a RNAaseIII enzyme, recognizes the hairpin loop and initiates cleavage of the pri-

miRNA’s 5’ cap and polyadenylated tail
57-59

. The resulting structure is now a ~70 nucleotide pre-

miRNA hairpin
60

. Exportin 5, a nuclear export receptor that is dependent on the presence of a 

RAN-GTP co-factor, recognizes the double stranded pre-miRNA hairpin overhangs and forms a 

heterotrimeric complex
61

. This activity allows the translocation of the pre-miRNA into the 
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cytoplasm
60

. Further processing by a ribonuclease III enzyme, dicer, cleaves the hairpin structure 

while the ds-RNA duplex simultaneously unwinds. One of the two strands will be incorporated 

into the RNA-induced silencing complex (RISC), which assists in mediating the miRNA and 

target mRNA interaction, while the other strand is degraded
58

. The ribonucleoprotein will allow 

the miRNA to bind to the 3’ UTR of its target mRNA and signal for multiple potential silencing 

fates including increased mRNA deadenylation, degredation, and translational repression 
58,59

. 

The precise mechanisms and which method behind miRNA induced silencing of gene expression 

is still in debate
62

.  

Advances in bioinformatics and computational biology have unlocked methods for in 

silico prediction of predicted miRNA targets. To prioritize potential targets, various programs 

have set algorithms, such as 5’ seed matching of a miRNA to the 3’ UTR of mRNA, conservation 

among species, and thermodynamic stability
58,63,64

. These tools have provided a means of looking 

into specific genes and studying their role in the molecular pathways of diseases including aortic 

valve calcification. Thus, the second aim of our study is to identify specific stretch-responsive 

microRNAs that may regulate pathways within calcific pathways of stenosis. The two novel 

microRNAs we found to be potentially associated with aortic valve calcification are miR-148a 

and miR-19b.  

Through in silico analysis of the miRNA-Seq data, we found miR-148a to be repressed 

by stretch and target IKBKB, a fundamental activator of the NF-κB signaling pathway of 

inflammation. miRNA-Seq results also identified a downregulation of stretch-responsive miR-

19b which is speculated to target TGFBR2 within the TGFβ signaling cascade and IGF-1.  

 

1.6 Stretch Responsive MicroRNAs and Aortic Valve Calcification Pathways.  

Overall, the purpose of this investigation was to demonstrate whether exposing aortic 

valve interstitial cells to cyclic biomechanical stress would activate inflammatory and osteogenic 
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pathways in aortic valve calcification. We expected through microarray analysis and 

quantitatitive polymerase chain reaction (qPCR) that stretched AVICs express higher levels of 

inflammatory markers such as MMPs and ILs and activate macrophages. Secondly, prior research 

in the field has found post-transcriptional miRNAs regulation to be a chief regulator of 

cardiogenic pathways
58

 and have been implicated in aortic valve disease
65

. Through classifying 

novel stretch responsive microRNAs, miR-148a and miR-19b, through miRNA-seq on stretched 

human AVICs, we established their respective regulation of the NF-kB and TGFβ signaling 

pathways and downstream targets. Further investigation of mir-148a and mir-19b were assessed 

in diseased human bicuspid aortic valve tissue as an in vivo model of miRNAs regulating the 

pathogenesis of aortic valve stenosis, inflammation, and osteogensis. With the limited therapeutic 

options available, development of therapies for aortic valve stenosis through miRNA based 

research is a foreseeable future
66

. 
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MATERIALS AND METHODS 

 

2.1 Exposing Human Aortic Valve Interstitial Cells to Cyclic Stretch.  

We harvested human aortic valve leaflets under an IRB exempt protocol from organ 

donors who’s hearts were unfit for transplant. This was done in accordance with the Declaration 

of Helsinki Principles which sets ethical standards for medical research on human subjects and 

samples. AVICs were cultured according to a standard protocol
45

 with Media 199(Cellgro) 

composed of 2x penicillin/streptomycin and 10% FBS(Fetal Bovine Serum). AVICs were grown 

on 6-well Bioflex plates (BF-3001C Flexcell International), coated with Collagen-1. They were 

then stretched cyclically on a Flexcell FX-5000 Tension system (Flexcell International) at 10-

14% for a 24 hour period once AVICs were 75-85% confluent. As a control, AVICs were plated 

on similarly prepared Bioflex plates and left in static conditions. Cell culture and exposure to 

cyclic stretch occurred in a 37°C incubator. 

 

2.2 Obtaining Human Diseased Bicuspid and Normal Aortic Valves 

Human diseased bicuspid valves were collected under an approved IRB protocol 

following the Declaration of Helsinki Principles. Nine samples of fused aortic valve leaflets 

(Bicuspid Aortic Valves) were collected from male patients (mean age 44.9 ± 13.8 years) at the 

time of aortic valve replacement. Valve replacement is determined preoperatively through 

echocardiography or angiocardiography according to the American College of Cardiology 

standards
67

. Confirmation of a BAV morphology occurred at the time of surgery.  5 control aortic 

valves were obtained from organ donors whose hearts could not be utilized for transplant. 

 

2.3 RNA Isolation 
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RNA from cultured AVICs were isolated using RNeasy Plus Mini Kit columns (74134, 

Qiagen) according to the manufacture’s protocol. RNA from diseased human bicuspid valves and 

control valve leaflets, was isolated using TRIzol Reagent (15594, Invitrogen); the isolation was 

conducted according to the manufacture’s protocol. 

 

2.4 Microarray Profiling of Stretched AVICs 

 RNA isolated from 14% stretch and statics human AVICs for 24 hours was hybridized to 

Affymetrix Human Gene 1.0 gene chips. Three samples for each separate condition were studied 

to determine relative changes in the expression among 36,079 various human transcripts. 

Comprehensive data analysis was conducted using Genespring GX 11.5 software suite (Agilent). 

In addition, the Robust Multi-array Average (RMA) algorithm program was utilized to correct the 

background of raw intensity values, transform about the median expression levels, and normalize 

the quantities. Static and Stretch triplicates were statistically compared using the Benjamini and 

Hochberg False Discovery Rate for multiple testing correction and use of a Student’s T-Test 

where a p-value of ≤ 0.05 was indicated for statistical significance. 

 

2.5 Real-Time Quantitative Polymerase Chain Reaction (rt-PCR / qPCR) 

 cDNA was created using the iScript cDNA Synthesis Kit. (#170-8891, Bio-Rad). qPCR 

was conducted with TaqMan or SYBR Green Dye Assays according to the manufacture’s 

protocol. The TaqMan Primers(Applied Biosystems) included,ALPL, BMP2, IGF-1, BGLAP, 

SMAD1, SMAD5, and TGFB1 (Table 1A) Primer Sequence rights are reserved. SYBR Primers 

included BMPR2, IKBKB, IL1A, IL1B, IL33, IL8, MMP1, MMP14, MMP16-1, MMP16-2, 

TGFBI, TGFBR2 (Table 1B). GAPDH was used as an endogenous control for all qPCR 

reactions. Triplicates, quadruplicates, or sextets for each experimental condition were evaluated 

using a Student’s T-test to assert statistical significance of the calculated CT Values from the 
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resulting data. CT Values > 35 were considered undetected. Relative expression values were 

calculated to be 2
-CT 

. 

 

2.6 Enzyme-linked Immunosorbent Assay (ELISA) 

 ELISA for IL1B and IL8 were conducted with R&D System kit according to the 

manufacture’s protocol. 

 

2.7 THP-1 Differentiation 

 Undifferentiated human THP-1 monocytes (American Type Culture Collection) were 

plated in a 24-well plate at 5 x 10
5
 cells/well. THP-1 cells were incubated for 24 hours in either 

unconditioned media (CellGro M199 + 10%FBS / 2x Penicillin Streptomycin), conditioned 

media from 24h stretched AVICs, or conditioned media from 24h static AVICs. Differentiation of 

THP-1 monocytes to macrophages was determined by cell adherence
68

. Plates were washed three 

times with Phosphate Buffered Saline (PBS) to remove residual non-adherent monocytes. 

Quantification of adherence required cell lysis followed by a total lactate dehydrogenase 

cytotoxicity (LDH) assay (Promega, CytoTox 96 Non-Radioactive Cytotoxicity Assay Kit) 

according to the manufacturer’s instructions.  

 

2.8 THP-1 Activation of Inflammatory Genes 

 THP-1 cells were treated with 50ng/mL of Phorbol-12-myristate-13-acetate (PMA) to 

induce differentiation of monocytes to adherent macrophages. Cells were cultured in triplicates 

for 24 hours in conditioned media from static or stretched AVICs. Total mRNA was isolated and 

prepared for qPCR on interleukins and matrix metalloproteinases.  

 

2.9 Small RNA Library Preparation 
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 1 μg of total RNA from six samples of stretched and static AVICs were isolated for small 

library preparation (Illumina, TruSeq Small RNA Sample Prep Kit). The kit targets small 

polycistronic RNAs such as microRNAS that contain distinct molecular features such as  5’ 

phosphate and 3’ hydroxyl group on cleaved mature miRNA
69

. An Agilent Bioanalyzer assessed 

the integrity of the total RNA samples and only those with a RNA integrity number (RIN) greater 

than eight was used
70

.  The protocol required adapter oligonucleotides from Illumina to be ligated 

on both miRNA ends and subsequently be reverse transcribed to create single stranded cDNA 

molecules. The cDNA was then amplified using PCR.  

 

2.10 MicroRNA Deep-Sequencing 

 The small RNA libraries were loaded onto the Illumina cBot Cluster station in which they 

bind to adapter oligos attached to the flow cell. The Illumina HiSeq2500 high-throughput 

sequencer was used to generate data directly from the dense array of template clusters located on 

the flow cell using sequencing by synthesis (SBS) technologies. Low quality sequencing reads 

were filtered out and adaptor sequences were removed to generate pure sequences. The raw data 

was formatted into a Fafsa file which contained the quantity of each distinct sequence read to 

reflect the relative expression levels. Only small RNA sequences ranging from 18 to 30 

nucleotides were investigated for subsequent analysis. The sequences passing the given screens 

were mapped using Bowtie2
71

, a program which can align short DNA sequences across a 

reference human genome.  

 

2.11 MicroRNA Prediction Programs 

 MicroRNAs that were found to be differentially expressed in the miRNA Seq data were 

selected for further investigation. Using miRNA target prediction programs, miRDB, DianaLab, 

and TargetScan, putative gene targets of miRNAs, miR-148a and miR-19b, were determined. 
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2.12 microRNA-qPCR 

 miRNA-qPCRs on human diseased bicuspid valves and control undiseased valve RNA 

isolated with Trizol Reagent(15594, Invitrogen),  and validation of microRNA profiling results 

were performed according to the TaqMan MicroRNA Assay. cDNA was created with 

MultiScribe™ Reverse Transcriptase. The thermal cycling for PCR was according to the 

manufacuturer’s protocol and used the TaqMan MicroRNA Reverse Transcription Kit (Applied 

Biosystems) with the MyCycler Bio-Rad machine. miRNA-qPCR used the TaqMan primers for 

hsa-miR-148a and hsa-miR-19b (000470, 00396 Applied Biosystems), TaqMan 2x Universal 

PCR Master Mix-No AmpErase, and the cDNA products from the prior RT in a 1:15 dilution. 

RNU6B (001093, Invitrogen) was used as an endogenous control for all miRNA-qPCR reactions. 

As done with rt-qPCR, similar methods of data analysis/determination of statistical significance 

were conducted. 

 

2.13 miRNA transfection 

 AVICs were transfected with mirVANA miRNA mimics, 148a or 19b(MC10263, 

MC10629, Ambion) when cells were 80% confluent. BLOCK-iT™ Alexa Fluor® Red 

Fluorescent Control(14750-100, Invitrogen) was used as scramble control. Lipofectamine 

2000(11668-027, Invitrogen) and Opti-MEM® I Reduced Serum Medium(31985-062, Gibco) 

reagents were utilized to conduct the transfections according to the manufacture’s protocol. RNA 

and protein were collected 72 hours after transfection. 

 

2.14 Protein Isolation 
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Phosphoproteins were extracted from AVICs using lysis buffer consisting of cOmplete 

Protease Inhibitor(04693124001, Roche), phosSTOP phosphatase inhibitor (0490685001, Roche), 

and RIPA Buffer (R3792, Teknova), according to standard extraction protocol.  

 

2.15 Western Blotting 

Western Blots were conducted according to standard protocols. Loading buffer, 1:20 β-

mercaptoethanol to laemmli. 1:10 Running buffer (10x Tris glycine SDS) to water. Transfer 

buffer (10% glycine, 20% methanol). Stain, Ponceau Red.  Block in 5% milk in TBST.  
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RESULTS 

3.1 MiR-148a is Stretch Responsive and Represses the Inflammatory Pathway of NF-κB 

 

3.1.1 Microarray Profiling of Stretched AVICs Demonstrate Greater Expression of 

Inflammatory Genes 

 Because bicuspid aortic valves undergo increased biomechanical strain, we studied the 

role of cyclic stretch on the gene expression of human AVICs in vitro. We exposed the AVICs 

stretch at 1Hz which corresponds to the physiologic conditions of a beating heart, roughly sixty 

beats per minute.  AVICs were cyclically stretched at 14% to mimic the pathological 

biomechanical strain experienced in a BAV. Static conditions were used as a control for 

comparison. Microarray analysis was conducted on the two conditions to determine which genes 

responded to stretch in an unbiased manner. 939 probes, representing 780 genes (2.7% of genes 

evaluated) were determined to be significantly distinct between the stretch and static conditions 

with a minimum of 1.2 fold up or down regulation. Such genes were considered statistically 

significant with a corrected p-value ≤0.05 according to the Benjamini and Hochberg adjustments. 

Examination of the highest upregulated genes in cyclically stretched AVICs (Table 2), IL-33, 

MMP1, and IL-1B, are identified to be involved in the inflammatory processes.  

 

3.1.2 Cyclic Stretch Increases Transcription of Interleukins and Matrix Metalloproteinases 

 Microarray profiling data demonstrated that the greatest increase in expression due to 

stretch in human AVICs affected ILs and MMPs. We identified additional ILs in the microarray 

that were modulated > 1.5 fold with statistical significance; in combination, they included IL-1A, 

IL-1B, IL8, and IL-33 (Table 2). qPCR validated the expression changes in the given ILs as 

reflected in the microarray (Figure 1A). At the translation level, ELISA for IL1B and IL8 
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indicated that AVICs respond to stretch and show increases in the respective proteins (Figure 1B 

and 1C). The microarray data of the stretch AVICs also showed an increase in expression of 

multiple MMPs family members, including MMP1, MMP14, MMP16 (Table 3). These 

upregulated changes were confirmed through qPCR (Figure 2).  

 

3.1.3 Stretched AVICs’ Conditioned Media Stimulates THP-1 Differentiation and 

Activation 

 Macrophages are often found in areas nearby AVICs
19,72

 and may be activated in 

response to inflammatory genes such as the Interleukin families. Therefore, we investigated 

whether inflammatory genes from cyclically stretched AVICs can modulate macrophage activity. 

Conditioned media containing inflammatory cytokines secreted from stretched AVICs was 

hypothesized to induce differentiation of THP-1 monocytes into macrophages; differentiation was 

determined through cell adherence. Three unique conditions were tested: unconditioned media, 

conditioned media from static AVICs, and conditioned media from 14% stretched AVICs. We 

observed that conditioned media from static AVICs and unconditioned media did not 

significantly induce increased monocyte differentiation. However, THP-1 monocytes grown in 

conditioned media from stretched AVICs induced a significant increase (P < 0.01) in monocyte 

differentiation (Figure 3A). 

 Secondly, we examined whether conditioned media from 24h, 14% stretched AVICs 

would activate THP-1 macrophages (differentiated via PMA). Activation was indicated through 

modulation of inflammatory gene transcription. THP-1 macrophages cultured in conditioned 

media from stretched cells showed enhanced activation, as revealed through the increased 

expression of IL1A, IL1B, and IL33, in comparison to macrophages grown in conditioned media 

from static AVICs (Figure 3B).  
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3.1.4 Identification of Stretch Responsive miR-148a in AVICs and Bicuspid Aortic Valves 

 With various miRNAs implicated to regulate aortic valve calcification
46,65

, we identified 

15 microRNAs to be significantly modulated in stretched AVICs, with a False Discovery Rate 

<0.01(Table 5). Using trusted miRNA target prediction programs such as miRDB and 

TargetScan
73,74

, we narrowed our investigation to potential microRNAs that may mediate 

inflammatory responses. Specifically we were interested with the NF-κB signaling, as the 

pathway is stimulated by stretch-activated ILs and MMPs targets. We found that miR-148a was 

predicted to target IKBKB, within the NF-κB inflammatory pathway(Figure 5A). miRNA-Seq 

data indicated that miR-148a transcription in stretched AVICs was decreased by 32.4% or -1.48 

fold (FDR 1.42 x 10
-5

). This change was supported by qPCR, with a miR-148a levels decreasing 

by 43% , P<0.05 in vitro(Figure 4A). 

 Because bicuspid aortic valve leaflets undergo increased stretch, we explored the levels 

of miR-148a in diseased human BAV tissue in comparison to normal tricuspid aortic valve 

leaflets. We determined that miR-148a levels in BAVs are decreased by 63% (P<0.05) compared 

to that of control tricuspid AoVs (Figure 4B). This demonstrates that miR-148a levels are 

suppressed by stretch in AVIC cells and diseased human tissue, in vitro and in vivo, respectively.  

 

 3.1.5 miR-148a represses the NF-κB Signaling Pathway 

IKBKB encodes the IKKβ protein, an important regulator of NF-κB signaling that 

deactivates IκB. Microarray data identified that IKBKB expression is upregulated by 47% 

(p=3.29x10-4) in human stretched AVICs. Similarly, qPCR showed a 45% (p<0.05) increase of 

IKBKB stretched AVIC mRNA in comparison to static (Figure 5B). In order to demonstrate that 

miR-148a inhibits NF-κB signaling through IKKβ, we transfected AVICs with miR-148a mimic 

to increase the levels of free miR-148a activity in the cytoplasm. Cells transfected with the miR-

148a mimic treatment had decreased mRNA levels of IKBKB compared to AVICs transfected 
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with scramble control (Figure 6A). Through investigating the amounts of associated proteins with 

a western, we found that AVICs transfected with miR-148a mimic showed decreased IKKβ 

translation. This finding aligned with an increase in IκB and decrease in phospho-P65 relative 

protein levels which demonstrate a decreased NF-κB signaling with a higher amount miR-148a 

present (Figure 6B). These findings imply that miR-148a is a novel repressor of IKBKB and NF-

κB signaling. 

 

3.1.6 miR-148a Decreases the Expression of Downstream NF-κB Inflammatory Genes 

 Various members of IL and MMP families are known downstream NF-κB targets. 

Therefore, we investigated whether miR-148a would reduce the expression of ILs and MMPs in 

AVICs transfected with miR-148a mimic for 24 hours. Through qPCR we found repressed 

expression levels of IL1A, IL1B, and IL8 (Figure 7A) in AVICs transfected with miR-148a 

mimic. Additionally, MMP1, MMP14, and MMP16 expression decreased (Figure 7B) in 

comparison to the AVICs transfected with scramble control. These findings demonstrate that 

miR-148a is able to inhibit transcription of the NF-κB inflammatory target genes. 

 

3.2 Stretch Responsive miR-19b: Modulation of Osteogenic TGFβ Signaling 

 

3.2.1 Cyclic Mechanical Stretch Activates Calcification Genes and Family Members of 

TGFβ Signaling 

 Upregulation of known calcification genes are associated with stenotic aortic valves. We 

stretched human AVICs and investigated the relative mRNA expression levels of various 

calcification genes. We found that BMP2, IGF-1, SMAD1, SMAD5, and TGFβ1 expression 

levels increased in 10% stretched AVICs in comparison to static controls p<0.01(Figure 8A). In 

addition, separate samples of 12% stretched AVICs for 24h were shown to express significantly 
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greater levels of BMPR2, TGFBI, and TGFBR2 (Figure 8B). These findings demonstrate that 

mechanical stretch is sufficient to activate calcification gene transcription and genes related to 

TGFβ signaling. 

 

3.2.2 Identification of Stretch Responsive miR-19b in AVICs and Bicuspid Aortic Valves 

 Of the 15 microRNAs we found to be distinctly modulated in stretched AVICs from 

miRNA Seq data, we investigated another miRNA that was potentially involved in the osteogenic 

pathways in TGFβ signaling. Using miRNA target prediction programs TargetScan and DianaLab 

DNA Intelligent Analysis to find target genes within the TGFβ signaling pathway, we narrowed 

our study on miR-19b. miR-19b is predicted to target TGFBR2, BMPR2, TGFBI, and IGF-1; 

TGFBR2 is a key receptor, necessary for activating TGFβ signaling. miRNA-Seq data 

demonstrated that relative miR-19b expression levels in stretched AVICs decreased by 2.06 fold 

(Table 5). miRNA qPCR of 14% stretched AVICs showed a 52.5% (P = 0.066) decrease in miR-

19b relative to static control (Figure 9A). 

Investigation of miR-19b mRNA levels in diseased human bicuspid aortic valve tissue 

versus control valves determined that expression levels of miR-19b decreased by 64.6% ,P< 0.05 

(Figure 9B). The suppression of miR-19b levels in both in vitro and in vivo studies demonstrates 

that miR-19b expression is modulated by stretch activation.  

 

3.2.3 miR-19b Regulation of Potential Targets and Downstream Calcification  

 We investigated four potential targets of miR-19b using target prediction programs 

miRDB and TargetScan: TGFBR2, BMPR2, IGF-1, and TGFBI (Figure 10A). In human AVICs 

transfected with miR-19b mimic, TGFBR2 expression was decreased by 14%, P < 0.005 and 

IGF-1 decreased by 53.4%, P< 0.05 (Figure 10B). BMPR2 and TGFBI also decreased but such 

changes were not statistically significant.  
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 Known downstream components of TGFβ include SMAD3, which is known to enhance 

alkaline phosphatase activity and promote mineralization through osteoblasts
44

. Human AVICs 

transfected with miR-19b mimic resulted in a slight increase in relative SMAD3 mRNA and 

increased ALPL 2.6 fold (Figure 10C). These results indicate that miR-19b may not directly 

affect the osteogenic progression of aortic valve calcification directly through a TGFβ mediated 

response.  
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DISCUSSION 

 

 The goal of our investigation was to reveal how biomechanical stress influences the 

expression of inflammatory and osteogenic genes in aortic valve calcification and identify the 

molecular factors that influence such pathways.  Given that pathogenic bicuspid aortic valves 

undergo increased mechanical stress, our study demonstrates that human AVICs exposed to 

cyclic stretch result in increased expression of inflammatory genes associated with calcification in 

microarray analysis and qPCR. In addition, stretched AVICs release factors that stimulate the 

differentiation of monocytes into macrophages as seen through THP-1 cells treated with 

conditioned media. Simultaneously, THP-1 cells are then activated to express inflammatory genes 

in response to stretched AVICs secreted factors. This two-step process may perpetuate the 

calcification pathology of bicuspid aortic valves and valve stenosis. Although prior literature has 

exposed that calcified aortic valves show changes in their inflammatory profile
24

, full 

understanding of its cause or effect role was unclear. Our study is the initial report showing that 

exposing AVICs to mechanical stretch, similar to the physical forces seen in BAVs, is sufficient 

to activate interleukins and monocyte/macrophages. It is known that cyclic stretch of porcine 

aortic valve cusps show increases in MMP1, MMP2, and MMP9 expression levels
75

. We showed 

that MMP1 is increased significantly in 14% stretch AVICs. In addition, we found that additional 

MMP members including MMP14, MMP16-1, and MMP16-2 are increased in cyclic stretch of 

human AVICs. MMP14 and MMP16 are necessary to activate the zymogen MMP2
76,77

. MMP2 

then works to activate MMP9
78

. Others have shown that inhibiting MMP9 reduces the 

calcification process in aortic valve interstitial cells by decreasing apoptosis, which typically 

generates cusps which initiate mineralization
79

. Therefore, our investigation has demonstrated 

that the influence of biomechanical stretch on AVICs can stimulate transcription of inflammatory 

genes. 
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 Our report on the increase of inflammatory signaling due to stretch conflicts with another 

report that exposed porcine AVICs to stretch and saw a decrease in inflammatory gene 

expression, in specifically VCAM-1, MCP-1, and GM-CSF compared to static controls
80

. The 

conclusions we discovered were drawn from unbiased microarray analysis, confirmation with 

qPCR, functional adherence analysis of monocytes/macrophages, and analysis of protein levels 

via ELISA. Thus, with a comprehensive analysis using various molecular assays which were all 

conducted with human cells, we have concluded that biomechanical stretch of human AVICs is 

sufficient to activate the inflammatory pathway. Our data introduces that biomechanical stretch 

can stimulate inflammation in a self-determining manner outside of the general research emphasis 

on genetic and atherosclerotic components.  

MicroRNA-seq data determined the various microRNAs that were stretch responsive. 

Our data of stretch responsive miRNAs is unique. There is only one other profile of stretch 

responsive miRNAs in literature which identifies a different set of modulated miRNAs
81

; this is 

likely due to investigation of a different cell type or differences in the profiling method. Of the 

list, we first investigated miR-148a, due to its downregulated change and a significantly low 

FDR. The repression of miR-148a in AVICs through the miRNA-Seq data was confirmed 

through qPCR in a separate stretched AVICs sample set in comparison to static control. In 

addition, we found that diseased bicuspid aortic valve tissue contained decreased miR-148a 

versus normal tricuspid valve leaflets. These novel findings demonstrate that the stretch-

responsive miR-148a is affected in vivo and in vitro settings. 

We used target programs algorithms to predict that miR-148 targets IKBKB, a gene that 

activates NF-κB signaling. Other studies have reported different microRNAs, other than miR-

148a, to target IKBKB
82-84

; they include miR-199a, miR-200c, and miR-218. However, in our 

miRNA-Seq dataset, these microRNAs were not found to be changed in stretched AVICs. 

IKBKB was demonstrated to be upregulated in stretched AVICs. Increasing the levels of miR-
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148a mimic in vitro through transfection repressed the levels of IKBKB at the mRNA and its 

respective IKKβ protein level. Such changes in translation were supported by increased IκB 

protein downstream, as the IKKβ kinase activity which promotes IκB proteosomal degradation, 

was repressed. We conclude miR-148a in human AVICs is a novel repressor of the NF-κB 

signaling cascade. Furthermore, our investigation supports that miR-148a will suffice to 

downregulate expression of NF-κB target genes including ILs and MMPs family members. The 

only interleukin not affected by AVICs transfected with miR-148a mimic was IL33. IL33 was not 

downregulated or statistically significant based off qPCR results of the transfection, despite being 

one of the highest genes upregulated in the microarray profile of stretched AVICs. This suggests 

that another modulatory pathway is involved with the stretch activation of IL33 beyond the scope 

of miR-148a.  

 

We stretched AVICs and profiled multiple calcification related genes using qPCR and 

found the majority of statistically significant upregulated genes were related to TGFβ pathways. 

With multiple other studies that have related aortic valve calcification to distinct components of 

TGFβ signaling
42,43,45

, we were interested in whether any of our stretch responsive microRNAs 

from sequencing data may be affecting one of the pathways. Using target prediction program 

algorithms, we discovered miR-19b to potentially silence BMPR2, IGF-1,TGFBI, and TGFBR2. 

miR-19b differs from miR-19a at the 11
th
 nucleotide position, however is not crucial in the seed 

region for target binding
85

. Because miR-19b had a lower FDR and showed a greater fold change 

in miRNA-Seq data, -2.06, we selected it for further investigation. miRNA-qPCR of stretched 

AVICs compared to control static cells confirmed the miRNA-Seq data. In addition, these novel 

results correlated with a decrease in miR-19b in bicuspid aortic valve leaflets in comparsion to 

control tricuspid aortic valves, demonstrating that the relative miRNA-19b levels are modulated 

in vivo.  
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After conducting qPCR on stretched AVICs, we found that all four potential targets of 

miR-19b were significantly upregulated at least 1.5fold, with TGFBR2 having the greatest 

statistical significance. To determine whether miR-19b intrinsically silenced the genes indicated 

by TargetScan, we studied their mRNA expression levels after transfection with miR-19b in 

comparison to scramble control. Potential targets BMPR2 and TGFBI did not have a statistically 

significant downregulation. Expression of genes repressed with statistical significance in the mir-

19b transfected AVICs included TGFBR2 and IGF1 by 14% and 54% respectively. Evidence of 

miR-19b repression of TGFBR2 was not fully conclusive as a subsequent study on downstream 

TGFβ genes showed a significant increase of alkaline phosphatase expression in miR-19b 

transfected AVICs. SMAD3 and SMAD5 were slightly upregulated in transfected samples;  

however, quantity of expression is not indicative of function as SMAD3 activation relies upon 

phosphorylation
86

. 

 We expected that repression of TGFBR2 by miR-19b would result in decreased alkaline 

phosphatase expression as other studies have found that active SMAD3, directly downstream of 

TGFβ signaling, stimulates mineralization and alkaline phosphatase activity in osteoblastic 

cells
44

. However, other groups also demonstrate that in alternate cell lines, TGFB1 (TGFBR2 

ligand), reduced alkaline phosphatase expression
87

. Although miR-19b showed a slight repression 

of TGFBR2, the increase of downstream ALPL conflicts with the notion that osteogenic 

mineralization in aortic valves results from miR-19b silencing through TGFβ. Thus, an alternate 

pathway or feedback loop may have influenced an increase in ALPL, despite increased miR-19b 

levels via transfection.  

An alternate explanation may be that miR-19b does not directly target TGFBR2 in 

AVICs. Differing studies have found no interaction between TGFBR2 and miR-19b in 

neuroblastoma
88

 and mouse palatal mesenchymal cells
89

, while others do indicate direct targeting 

in human hepatic stellate cells
90

. The activity of miR-19b in AVICs may also be subject to more 
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than one factor; miR-19b is a part of the miR-17-92 microRNA cluster which expresses six 

individual microRNAs, miR-17, miR-18a, miR-19a, miR-19b, miR-20a and miR-92a
88

.  When 

the cluster is expressed together, its silencing function may necessitate multiple RNAs in 

conjunction with one another. Thus, it is important for future studies to investigate all miRNAs 

within the 17-92 in conjunction with stretch responsive miR-19b. Therefore, it is currently 

unclear if miR-19b does target TGFBR2 in AVICs and further investigation is necessary.   

We additionally found that IGF-1, another potential miR-19b target, was repressed by 

53.4% in miR-19b mimic transfected AVICs. Further investigation of the role of IGF-1 in aortic 

valve disease is necessary; our data from stretched AVICs indicated a decrease in IGF-1 and 

other groups have recently found IGF-1 to be downregulated in calcified aortic valves
91

. In an 

outside study, IGF-1 was demonstrated to provide a protective role and prevent mineralization of 

vascular smooth muscle cells and decrease osteogenic differentiation
92

. This may imply that 

downregulated miR-19b in response to biomechanical stretch could further the calcification 

pathogenesis through IGF-1, but additional studies in human AVICs with the IGF pathway must 

be investigated first.  

In conclusion, we have provided evidence that subjecting human AVICs to mechanical 

stretch is sufficient to activate the inflammatory pathways in aortic valve calcification and 

modulate an array of microRNAs. Repression of stretch responsive miR-148a promotes increased 

NF-κB signaling through its target IKBKB which leads to increased transcription of 

inflammatory genes. These novel findings provide a mechanism in which a stretch-responsive 

microRNA can modulate the NF-κB pathway and more broadly, pathogenesis of a bicuspid aortic 

valve. Given that other miRNAs are in clinical trials 93
, miR-148a based treatments have a 

potential to target AVICs, treat aortic valve disease, and reduce progression of stenosis. miR-148a 

based treatments might also treat other autoimmune diseases or cancers that involve increased 

NF-κB signaling. The role in which miR-19b modulates the TGFβ pathway in aortic valve 
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calcification is to be further elucidated; however, preliminary data of its repressed expression in 

vitro and in vivo is promising, in addition to its potential mediation of IGF-1. 
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FIGURES 

 

 
 

Figure 1: Interleukin expression increases in 14% cyclically stretched human AVICs. A) qPCR 

showing increased mRNA expression for IL1A, IL1B, IL8, and IL33. B) ELISA demonstrating 

increased protein levels of IL1B in stretched AVICs. C) ELISA showing that stretched AVICs 

secrete higher amounts of IL8. *P-Value <0.05, #P-Value <0.005. N=3. 
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Figure 2: AVICs exposed to 14% cyclic stretch show increased mRNA transcription in MMP1, 

MMP14, MMP16-1, and MMP16-2 through qPCR data. #P-Value <0.005. N=3. 

 

 

 

 

 

 
Figure 3: Conditioned media from 14% stretched AVICs activate THP-1 macrophages. A) 

Quantification through an LDH assay on the differentiation of THP-1 monocytes into adherent 

macrophages under three treatment conditions: unconditioned, static, and conditioned stretch 

media (24h).  B) THP-1 macrophages treated with conditioned media from stretched AVICs show 

increased expression of IL1A, IL1B, IL8, and IL-33 in comparison to media from static control. 

**P-Value <0.01, #P-Value<0.005. N=3. 
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Figure 4: A) miRNA-qPCR of 14% cyclically stretched AVICs(24h), demonstrate that miR-148a 

is repressed 43% by stretch and have lower mRNA levels compared to static control. B) Human 

diseased bicuspid aortic valves have decreased miR-148a levels, determined through miRNA-

qPCR in comparison to control triscupid aortic valves.  

 

 
 

Figure 5: A) TargetScan miRNA target prediction algorithms predict two miR-148a binding sites 

in the 3’ UTR of IKBKB. Highlighted region indicates necessary seed region sequence for 

miRNA target binding. B) IKBKB expression is increased by 45% in stretched AVICs(24h) in 

comparison to static controls, qPCR. *P-Value <0.05. N=4. 

 



29 

 

 
  

 

 
 

Figure 6: Human AVICs were transfected with miR-148a mimic for 72h. A) mRNA expression 

of IKBKB decreased in miR-148a transfected AVICs seen through qPCR in comparison to 

scramble control. N=3. *P-Value <0.05. B) Western blot showing the relative quantity of secreted 

proteins, IKKβ, IκB, and phospho-p-65 following transfection with miR-148a mimic. β-Actin is 

used as an endogenous control. 
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Figure 7: Downstream inflammatory gene expression data from qPCR of miR-148a mimic 

transfection in AVICs for 72h A) Expression levels of IL1A, IL1B, IL8, and IL33 after 

transfection with miR-148a. B) mRNA expression levels of MMP1, MMP14, and MMP16-1 after 

transfection with miR-148a *P-value<0.001, #P-value<0.005. N=6.  
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Figure 8: A) Calcification gene expression increases in 10% stretched AVICs (24h) compared to 

static control as demonstrated through qPCR. *P-Value <0.01. N=3. B) qPCR data shows that 

mRNA expression of genes within the TGFβ pathway,BMPR2, TGFBI, and TGFBR2 are 

increased in 12% stretched AVICs. **P-Value <0.05, #P-Value <0.0001. N=6. 
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Figure 9: A) miRNA-qPCR of 14% cyclically stretched human AVICs (24h) shows that miR-

19b is repressed by stretch and has lower expression relative to static control. P-Value=0.066, Not 

Significant. B) Human bicuspid aortic valve tissue show, N=9, decreased miR-19b levels 

compared to control tricuspid valves,N=5, as demonstrated through miRNA-qPCR. *P<0.05.  
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Figure 10: A) TargetScan miRNA target prediction program displays the highlighted seed region 

for miRNA target binding in the 3’ UTR of potential gene targets. There are single predicted 

target sites for TGFBR2, IGF-1, and TGFBI. Two sites are predicted for BMPR2. B) qPCR data 

demonstrates that human AVICs transfected with miR-19b mimic show repressed expression 

levels of potential targets TGFBR2 and IGF-1compared to scramble control.  *P-Value < 0.005 

#P-Value < 0.05. N=3.  
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Figure 11: Downstream of TFGβ, results show that transfection with miR-19b mimic led to a 

small increases in SMAD3/SMAD5 and a 2.6 fold increases in alkaline phosphatase via qPCR  

#P-Value <0.05. N=3. 
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TABLES 

 

Table 1A: List of TaqMan Primers and respective catalog numbers.  

A 
TaqMan Primer 
Name Cat. No. 

ALPL HS01029144_m1 

BMP2 HS01055564_m1 

GAPDH HS99999905_m1 

IGF1 HS01547656_m1 

NOTCH1 HS00413187_m1 

Osteocalcin 
(BGLAP) HS01587813_g1 

Smad1 HS00195432_m1 

Smad5 HS00195437_m1 

TGFB1 HS00998133_m1 
 

 

 

Table 1B: List of SYBR Primers and respective sequences.  

B 
SYBR Primer 
Name Forward Primer Reverse Primer 

BMPR2 5'-CGGGCAGGATCAGTCCACGG-3' 5'-TTCTGCGAAGCAGCCGCAGT-3' 

GAPDH 5'-TGCACCACCAACTGCTTAGC-3' 
5'-GGCATGGACTGTGGTCATGAG-
3' 

IKBKB 5'-ACTTGGCGCCAAATGACCT-3' 5'-CTCTGTTCTCCTTGCTGCA-3' 

IKBKB (3'UTR) 5'-GCCTCATGATGTGGGGG-3' 5'-CACAACTTGTCCTGTAACTGA-3' 

IL1A 5'-ATCCTGAATGACGCCCTCAA-3' 5'-TGGATGGGCAACTGATGTGA-3' 

IL1B 5'-AAGCTGAGGAAGATGCTG-3' 5'-ATCTACACTCTCCAGCTG-3' 

IL33 5'-CCTGTCAACAGCAGTCTACT-3' 5'-TTGGCATGCAACCAGAAGTC-3' 

IL8 5'-AGGTGCAGTTTTGCCAAGGA-3' 5'-TTTCTGTGTTGGCGCAGTGT-3' 

MMP1 
5'-GGGAGATCATCGGGACAACTC-
3' 5'-GGGCCTGGTTGAAAAGCAT-3' 

MMP14 5'-GAGCTCAGGGCAGTGGATAG-3' 5'-GGTAGCCCGGTTCTACCTTC-3' 

MMP16-1 

5'-
AGGTGTCAGTTCAGTGTTACTAGA
G-3' 

5'-
AATGAGAAATGAAGCAGAAGGAGA
A-3' 

MMP16-2 

5'-
TGACAGGAAAAGTGGACAGAAAC-
3' 5'-GATGTGCTTGTGCTGCCATT-3' 

TGFBI 5'-AGCTGTACACGGACCGCACG-3' 5'-AGTCCAGCACTTCAGCTGGCA-3' 

TGFBR2(ISO2) 
5'-
CCGCACGTTCAGAAGTCGGTTA-3' 

5'-GGGAGCTTGGGGTCATGGCAA-
3' 
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Table 2: Aortic valve interstitial cells exposed to 14% cyclic stretch show increased expression 

of inflammatory genes. Table shows the ten most upregulated genes from microarray with a 

corrected p-value ≤0.05 according to the Benjamini and Hochberg adjustments. N=3.  

 

Gene 
Symbol Gene Name 

Fold 
Change 

Corrected 
p-value 

IL33 Interleukin 33 8.27 0.011 

MMP1 Matrix metallopeptidase1 6.62 0.006 

IL1B Interleukin 1, beta 5.71 0.005 

TFPI2 Tissue factor pathway inhibitor 2 5.34 0.010 

ANPEP Alanyl (membrane) aminopeptidase 4.23 0.014 

ANXA10 Annexin A10 4.17 0.010 

AADAC Arylacetamine deacetylase (esterase) 4.13 0.041 

TOP2A Topoisomerase (DNA) II alpha 170kDa 3.42 0.010 

IL13RA2 Interleukin 13 receptor, alpha II 3.33 0.010 

SHCBP1 SHC SH2-domain binding protein 1 3.11 0.022 

 

 

 

Table 3. Table of interleukins family members modulated by 14% cyclic stretch in our 

microarray data 

 

Gene Symbol Gene Name Fold Change Corrected p-value 

IL1A Interleukin 1, alpha 2.51 0.022 

IL1B Interleukin 1, beta 5.71 0.005 

IL8 Interleukin 8 1.85 0.017 

IL33 Interleukin 33 8.27 0.011 
 

 

 

Table 4: Table of MMPs modulated by 14% cyclic stretch in our microarray dataset. 

 

Gene Symbol Gene Name 
Fold 
Change 

Corrected p-
value 

MMP1 Matrix metallopeptidase 1 6.62 0.006 

MMP10 Matrix metallopeptidase 10 2.14 0.018 

MMP14 Matrix metallopeptidase 14 1.60 0.017 

MMP16-1 Matrix metallopeptidase 16-1 2.78 0.047 

MMP16-2 Matrix metallopeptidase 16-2 2.48 0.017 
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Table 5: MicroRNA-Sequencing Data. Table of the 15 stretch responsive microRNAs with a 

FDR <0.01. 

 

miRNA Name Fold Change FDR 

hsa-miR-212 3.63 2.13E-13 

hsa-miR-132 1.72 3.58E-07 

hsa-miR-941 1.68 1.43E-09 

hsa-miR-486-5p 1.59 2.99E-07 

hsa-miR-146a 1.34 0.004 

hsa-miR-374a -1.34 0.009 

hsa-miR-143 -1.34 0.004 

hsa-miR-148a -1.48 1.42E-05 

hsa-miR-335 -1.67 3.13E-08 

hsa-miR-450b-5p -1.67 0.0005 

hsa-miR-1197 -1.73 0.0005 

hsa-miR-145 -1.76 8.01E-09 

hsa-miR-19a -1.83 4.33E-07 

hsa-miR-19b -2.06 5.99E-15 

hsa-miR-1280 -2.68 1.22E-21 
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SUPPLEMENTAL FIGURES 

 

 

 
 

Supplemental Figure 1: Flowchart of how stretch activates inflammation and valve calcification. 

Black steps indicate the stretch responsive changes in AVICs. Grey steps represent the proposed 

mechanism in which bicuspid aortic valves undergo increased biomechanical stretch due to 

abnormal geometry of leaflets, resulting in the development of aortic valve disease. 
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