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Abstract

Objective

Aortic valve disease is a complex process characterized by valve interstitial cell activation,

disruption of the extracellular matrix culminating in valve mineralization occurring over many

years. We explored the function of the retinoblastoma protein (pRb) in aortic valve disease,

given its critical role in mesenchymal cell differentiation including bone development and

mineralization.

Approach and results

We generated a mouse model of conditional pRb knockout (cKO) in the aortic valve regu-

lated by Tie2-Cre-mediated excision of floxed RB1 alleles. Aged pRb cKO animals showed

significantly more aortic valve regurgitation by echocardiography compared to pRb het con-

trol animals. The pRb cKO aortic valves had increased leaflet thickness without increased

cellular proliferation. Histologic studies demonstrated intense α-SMA expression in pRb

cKO leaflets associated with disorganized extracellular matrix and increased leaflet stiff-

ness. The pRb cKO mice also showed increased circulating cytokine levels.

Conclusions

Our studies demonstrate that pRb loss in the Tie2-lineage that includes aortic valve intersti-

tial cells is sufficient to cause age-dependent aortic valve dysfunction.

Introduction

Aortic valve disease is a complex disease process characterized by progressive thickening and

fibrosis of the aortic valve (AoV) leaflets leading to valve sclerosis, a precursor to valve mineral-

ization and often frank bone formation that can cause restriction and/or regurgitation of
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blood flow from the heart. Statistics from 2017 indicate that more than 100,000 patients

received an aortic valve replacement [1] and the prevalence of aortic valve disease increases

markedly with age [2]. There is an important need to determine the molecular mechanisms

contributing to aortic valve disease because the only treatment for advanced disease is surgical

replacement [3] as medical therapy has not been found effective at slowing disease progression

[4, 5].

During embryonic heart development, cells derived from the endocardium [6], the second-

ary heart field, and the neural crest [7] can be found in the fibrosa, spongiosa, and ventricularis

layers of the AoV [8]. Following valve development, the valve interstitial cells (VICs) predomi-

nantly have an endothelial origin, [9] likely the result of endothelial-to-mesenchymal transfor-

mation of endocardial cells. Further supporting an endothelial origin of VICs, Tie2 lineage

tracing studies produce strong staining of the aortic valve leaflet [8, 10, 11]. With age, the adult

AoV increasingly includes CD45-positive cells derived from the hematopoietic system [12]

that would also be expected to be derived from the Tie2 lineage [13]. Though normally quies-

cent, VICs can become activated, and differentiate into myofibroblasts expressing alpha

smooth muscle actin (α-SMA) [14].

VICs produce an array of precisely oriented structural matrix proteins necessary for the

leaflet to bear the load during diastole, while also sufficiently flexible to impart negligible out-

flow resistance during systole [15, 16]. In the diseased valve activated VICs deposit and reorga-

nize the extracellular matrix (ECM) [17–19] leading to rearrangement of collagen fibers in the

fibrosa and proteoglycan changes in the spongiosa layers [20, 21]. ECM disarray precedes

development of CAVD, particularly in the aorta-facing fibrosa where calcific nodule and bone

formation first appear [2, 22, 23].

The retinoblastoma protein (pRb) regulates two key factors relevant to aortic valve disease:

maintenance of mesenchymal cell differentiation as well as bone formation and soft tissue cal-

cification [24–27]. Given the mesenchymal nature of VICs and the appearance of osteogenesis

in diseased human valves, we hypothesized that VICs deficient in pRb would lose their quies-

cent phenotype (they would become activated), leading to aortic valve dysfunction possibly

resulting in leaflet mineralization. To interrogate this hypothesis we created a mouse model of

targeted pRb loss using Tie2 directed cre recombinase expression because many of the VICs in

the AoV leaflets are derived from endothelial cells [8, 9] and Tie-2-cre effectively deletes genes

in endothelial-cell-derived VICs resident in the AoV leaflets [8, 10, 28]. Our results demon-

strate that pRb in the Tie2 lineage is necessary to maintain aortic valve structure and function

with age.

Materials and methods

Animals

The flox19-RB1 (RB1fl/fl) mice [29] were maintained in a C57BL/6 background. RB1fl/fl females

were bred to Tie2-Cre males, purchased from Jackson laboratories (B6.Cg-Tg (Tek-cre)1Ywa/

J). RB1fl/fl;Tie2-Cre- and RB1fl/+;Tie2-Cre+ from the first cross were bred to generate RB1fl/fl;

Tie2-Cre+ (pRb cKO) and RB1fl/+Tie2-Cre+ (pRb het) mice for our experiments. The use of

pRb het mice as controls is justified given the lack of observed phenotype. Genotype was deter-

mined by PCR analysis of genomic DNA from mouse tails. Genomic DNA was isolated and

amplified by PCR using the following primers: RB1: 5’-GGC GTG TGC CAT CAA TG-
3’ (forward primer) and 5’-AAC TCA AGG GAG ACC TG-3’ (reverse
primer); Cre: 5’-GTG AAA CAG CAT TGC TGT CAC TT-3’ (forward
primer) and 5’-GTG AAA CAG CAT TGC TGT CAC TT-3’ (reverse
primer).

RB1 and aortic valve regurgitation
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For further verification of Tie2 activity, Tie2-Cre mice were bred to B6 mice bearing the tar-

geted insertion of a floxed(stop)CAG-TdTomato allele into the ROSA26 locus (strain AI9,

JAX#007909), such that a red fluorescent protein variant (tdTomato) is seen where Cre is

expressed. Tissues from 2–4 month old Ai9;Tie2Cre mice were used for histological evaluation

of recombination based on TdTomato fluorescence.

A total of 39 mice (15 experimental mice and 24 control mice) were used for these studies.

25 mice died for experimental endpoints and 9 mice died because in the opinion of the Divi-

sion of Laboratory Animal Medicine and the investigators euthanasia was required for

humane endpoints. 5 animals died without obvious cause or antecedent illness. Humane end-

points were defined as follows: Any animals displaying signs of distress including hunched

posture, piloerection, labored breathing, tumors exceeding 5mm in any dimension, inability to

eat or drink, or loss of 10% or more of body weight will be sacrificed within 24hrs. Aged mice

with detectable valve dysfunction were watched closely and euthanized if they showed signs of

edema or tachypnea with decreased cage movement that would be consistent with congestive

heart failure. Animals were monitored 3 times per week and 24hours post echocardiograph

procedures. Researchers handling mice went through mandatory animal handling training at

Tufts University for proper evaluation of mouse health. Mice received water and food ad libi-

tum, housed in cohorts of not more than 5 adults, and were otherwise maintained in accor-

dance with a protocol approved by the Tufts University Institutional Animal Care and Use

Committee (Protocol #: B2013-42 and B2016-11).

Echocardiography

In vivo valve structure and function were evaluated at 2 and up to 12 months of age for all ani-

mals, and a subset at 6 months, using an ultra-high frequency, high-resolution ultrasound

(Vevo2100; VisualSonics, Inc., Toronto, ON, Canada). The chests of the mice were treated

with a chemical hair remover to reduce ultrasound attenuation. Mice were anesthetized with

1–2% isofluorane inhalation, and placed on a heated platform to maintain temperature during

the analysis. Two-dimensional imaging was recorded with a 40 MHz transducer to capture

long-axis projections with guided B-Mode and color and pulsed-wave Doppler. Doppler inter-

rogation was performed on the aortic valve outflow in the parasternal long-axis view to assess

stenosis and regurgitation using a sample volume toggle to optimize the angle of interrogation.

A modified right parasternal long-axis view was required in some cases to ensure ascertain-

ment of the maximum velocity. Color flow Doppler echocardiography, in which flow move-

ment toward the transducer is shown in red and that away from the transducer is shown in

blue, was applied at sampling points indicated in the 2-dimensional images from a long-axis

view. Measurements of ventricular function and peak gradient were calculated using the inte-

grated software of the Vevo1200. Aortic regurgitation was defined by retrograde blood flow

across the aortic valve into the left ventricular outflow tract for more than half of the diastolic

period identified by Doppler echocardiography and by color-flow Doppler video. ImageJ was

used to calculate aortic root diameter in diastole from B-mode stills, with 3 cycles averaged per

animal.

Blood pressure measurement

Blood pressure was measured in normal diet fed mice aged 10–12 months by tail cuff plethys-

mography using the Kenda Coda System. Mice were acclimated and trained for 2–3 days by 20

tail cuff inflations. For the following 2 days, blood pressure measurements were recorded and

averaged for each mouse. At least 3 mice from each sex and genotype were used for this

analysis.

RB1 and aortic valve regurgitation
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Histology

Hearts from 2-month-old and aged animals were harvested, rinsed well in cold PBS, and fixed

for up to 24 hours in 10% neutral buffered formalin. Fixed hearts were submitted to the Jack-

son Laboratories Histology lab for processing, paraffin embedding, and sectioning. The tissues

were processed overnight on a sakura tissue-tek VIP tissue processor. Blocks were grossly

trimmed for correct orientation and embedded in paraffin. Blocks were faced to appropriate

area (3 leaflets present) using 4x objective on microscope. 5um thick sections were taken of

area 3–4 sections per slide. H&E stained slides were stained on Leica Autostainer XL and the

Pentachromes were done using American Mastertech "Russel-Movat" Pentachrome kit.

Images of the Movat stained valves were also taken with a Nikon 800E microscope using a 10x

objective. Histological images from six Rb het and six cKO were analyzed to look at GAG com-

position as a percentage of total valve area. The images were first processed with Adobe Photo-

shop CC 2015 to isolate the valve, removing background blood and other debris from the

images. Next, the RGB images were broken into the corresponding red, green, and blue images

so that the Movat stain for GAGs (light blue) could be isolated. Using Cell Profiler [30], the

images were inverted and the red and green channels were combined (in a 1:1.1 ratio) and the

blue channel (multiplied 1.4 times) was subtracted from the result. This resulted in an image

that was used to isolate the GAG area using a manual threshold. The total area of the valve was

found using a manual threshold of the green channel and was used to calculate the GAG per-

centage area for each sample image.

Immunohistochemistry

Sections were deparaffinized and rehydrated in graded ethanol washes. After blocking in 5%

normal serum or BSA, sections were incubated overnight at 4˚C with the following antibodies:

anti-α-SMA (Abcam ab5694,1:1000) and anti-phospho-histone H3 (Cell Signaling #9701,

1:100). Alexfluor-conjugated anti-rabbit secondary antibodies were used to detect anti-pH3.

Slides were mounted in Vectashield mounting media with DAPI (Vectorlabs H-1200) and

visualized with fluorescence microscopy. HRP-conjugated anti-rabbit secondary antibodies

were used to detect anti-α-SMA, with subsequent DAB-based colorimetric detection. A no-

primary antibody control was used for each antibody to detect false-positives and autofluore-

sence. TUNEL staining was performed using the ApopTag Fluorescein In Situ Apoptosis

Detection Kit (EMD Millipore S7111), per manufacturer’s instructions. Immunofluorescent

stained sections were imaged on a Nikon 800E epifluorescent microscope with a Spot RT2 dig-

ital camera. Image analysis and quantification were performed in CellProfiler [30]. The α-

SMA stained images were taken using a Nikon 800E microscope using a 40x objective. Images

were taken of the full valve (all three leaflets) and edited in Adobe Photoshop CC 2015 to

remove any remnants of the aorta, starting at the root of each leaflet. CellProfiler was used to

determine the area of the valve leaflets and the area of positive α-SMA staining in order to find

the activated percentage area of each valve.

Atomic force microscopy

Valve tissue stiffness was measured using atomic force microscopy (AFM), with a Veeco

Dimension 3100 AFM with Novascan borosilicate glass particle probes. We used probe tips

(10 μm diameter bead) with a rated spring constant value of 0.6 N/m and the Hertzian theory

was used to calculate the Young’s Modulus. The Young’s Modulus was calculated using a

MATLAB code for each indent curve over an entire 2D force volume and then averaging these

values for each sample. From these measurements, we were able to calculate changes in valve

tissue stiffness between groups.

RB1 and aortic valve regurgitation
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Second harmonic generation imaging

Second harmonic generation signal from collagen fibers was collected using a Leica TCS

SP2 microscope equipped with a Ti:Sapphire laser which provided 800 nm excitation, dry

Leica 20x/0.7 NA objective, and 400 nm ± 10 nm (ET400/20X) filter. At least 2, 3D vol-

umes of valve leaflet were analyzed for each sample valve (n = 3 for both pRb het and cKO

valves). Fiber orientation and variance were determined using a previously described

method that relies on a weighted vector summation approach. The two-dimensional vari-

ance is a metric of the collagen fiber alignment that has a value of one for completely dis-

organized fibers and zero for all fibers within a field exactly aligned in the same direction

[31].

The SHG images were also used a metric of fibrosis. After masking images for SHG signal

only, image stacks were analyzed to find the average pixel intensity, as a measure of collagen

fibrosis [32], per image. The stack of images was averaged to find a single value for each loca-

tion. The data was then normalized to one.

LC-MS/MS proteomics

Individual aortic valve leaflets were excised from flash frozen hearts; the three aortic leaflets

from a single animal were collected and pooled to generate one sample; three aortic samples

per genotype (for a total of six animals; three of each type) were analyzed and weighed (all

measured at 0.01mg of tissue for each sample). Valve leaflets were lyophilized for six hours

before undergoing a urea digested at 4˚C using a stir bar to agitate the sample. Sample pro-

tein was then collected with an acetone precipitation [33]. Samples were then frozen before

being sent to Beth Israel Deaconess Medical Center Mass Spectroscopy Core Facility for liq-

uid chromatography–tandem mass spectroscopy (LC-MS/MS) analysis. Trypsin was used to

digest the protein prior to analysis. Spectra with a 95% confidence were kept for analysis;

there was an average spectral count of 690 for each sample and a total of 395 identified pro-

teins. Resulting spectral counts were used to quantify abundance of cellular proteins and

ECM proteins then individual counts were normalized by total spectral counts of cellular

and ECM proteins collected per sample. ECM and cellular proteins with fold changes of

either greater than 1.5 times or less than 0.6 times for the pRb het samples compared to the

pRb cKO were included in a principle component analysis (PCA) with functional data (stiff-

ness measurements and variance quantification) collected previously on the leaflets. PCA

was done in SigmaPlot (Systat Software, San Jose, CA) using a correlation matrix and aver-

age eigenvalues for the components. The component scores and component loadings were

plotted using MATLAB. The component scores were grouped using the k-means cluster

algorithm (k = 2), as previously described [34, 35], in MATLAB; the loading scores were

also grouped using k-means clustering (k = 4). Both algorithms were iterated 100 times to

help assure convergence of the cluster centroids. ECM proteins were classified using the

MatrixDB [36].

Serum collection and analysis

Blood was collected after an overnight fast by cardiac puncture immediately after euthanasia.

Serum was collected after clotting and centrifugation, the stored at -80˚C. Cytokines were ana-

lyzed by a multiplexed ELISA array (Aushon BioSystems, Inc; Mouse Cytokine 1 CiraPlex™
Array) on Cirascan™ immunoassay system (Aushon BioSystems, Inc.)
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Statistical analysis

Aortic regurgitation incidence was evaluated with a two-tailed Fisher’s exact test. Other met-

rics were tested with an unpaired, two tailed Student’s T-test. Differences were considered sig-

nificant at P-value <0.05.

Results

Deletion of pRb in murine aortic valve leaflets produces aortic valve

regurgitation

Because whole-body RB1 knockout mice die in utero [37], we utilized a conditional knockout

model strategy whereby mice with loxP-flanked exon 19 of RB1 (RB1fl/fl) were crossed with

Tie2-Cre mice to delete pRb from the aortic VICs, as well as other endothelial-derived tissues

[11]. Tie2 activity in the majority of VICs throughout the aortic leaflets was confirmed by TdTo-

mato expression in Tie2-Cre; Ai9 mice (Fig 1A). Mice homozygous for RB1fl/fl and heterozygous

for the Tie2-Cre transgene are designated conditional pRb knockout (pRb cKO) mice while lit-

termate RB1+/fl;Tie2-Cre+ mice were used as heterozygous (pRb het) controls. pRb cKO mice

were viable and demonstrated a Mendelian ratio at weaning (χ2 P value = 0.86). Our experimen-

tal protocol designated echocardiographic and histologic analysis at one year of age, though

more pRb cKO than het mice died or were sacrificed for humane reasons before that time (2

pRb het vs. 7 pRb cKO mice; S1 Fig). The reason for premature death in pRb cKO mice is not

precisely known; however, Tie2-Cre also drives recombination in hematopoietic stem cells [13],

and pRb-deficiency in hematopoietic cells can cause myeloproliferative disease [38, 39].

We aged 24 pRb het animals and 15 pRb cKO animals; at two and six months the aortic

valve function was normal in pRb cKO and het animals by echocardiography. At 10–12

months of age (referred to as “aged” mice throughout the manuscript), 5 of 11 living pRb cKO

mice were found to have severe aortic valve regurgitation (AR) identifiable by color flow

Doppler (Fig 1B and 1D), while AR was not observed in 20 aged pRb het mice (Fig 1C;

Table 1). Three additional pRb cKO mice had mild or trace AR. The mean ± SD peak velocity

of the regurgitant jet was -2113 ±1967 mm/s in pRb cKO mice. The aortic root diameters mea-

sured by B-mode echocardiography during systole in pRb cKO and het animals were similar

(Table 1), consistent with AR not being secondary to dilation of the aortic root. Functional

aortic valve stenosis was not found in any animal during our study. pRb cKO heart weights

normalized to tibia length were significantly heavier than pRb het hearts, suggesting mild left

ventricular hypertrophy with preserved contractile function (Table 2). We considered whether

increased afterload might explain the AR; however, tail cuff blood pressures in pRb cKO and

het mice were similar (Table 2).

Loss of pRb causes ECM remodeling and VIC activation

We next analyzed fixed heart sections using histological stains to determine if morphological

changes are present in the pRb cKO aortic valves. Aortic root and valve leaflet calcification

were not observed by Alizarin Red and Von Kossa staining (S2 Fig). Masson’s Trichrome

staining showed a more diffuse or weak collagen staining pattern in pRb cKO valves with AR

(Fig 2A). Additionally, Movat pentachrome stain showed changes within the collagenous

fibrosa layer of pRb cKO valve leaflets; cKO valves had a significantly higher GAG content (Fig

2B and 2D). In every pRb cKO valve, from mice with or without aortic valve regurgitation,

intense α-SMA staining was observed throughout the leaflets compared with pRb het leaflets

(n = 7 het, 3 cKO with AR, 4 cKO without AR; Fig 2C). By comparison, aortic valve leaflets

from 2-month-old pRb cKO mice showed a pattern of histological and α-SMA staining similar

RB1 and aortic valve regurgitation
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to het mice, consistent with the changes in valve architecture at 10–12 months being associated

with aging (S3 Fig).

Fig 1. Tie2-driven loss of pRb causes aortic regurgitation (AR) with age. A) Confirmation of Tie2Cre-activity within leaflet of Ai9 mouse, where

recombination throughout the leaflets (indicated by *) indicated by TdTomato fluorescence. Autofluorescence is seen in the aortic wall (indicated by arrow)

B) Incidence of AR, as evaluated with Doppler by a blinded analyst, with age (**, Fischer’s exact test p = 0.0027). “Aged” indicates 10–12 month old animal.

Sex did not have an effect on regurgitation incidence within the pRb cKO group (p = 0.55). C-D) Representative images are presented of color Doppler during

diastole (left panel, left ventricular and aortic root structures indicated by dashed white line and direction of blood flow indicated by red arrow) and Doppler

flow velocity tracing recorded from the left ventricular outflow tract (right panel). C) 2-month old animal. D) Aged pRb cKO with regurgitation: regurgitant flow

at the aortic valve was recorded as a blue flow in the left ventricle during diastole in addition to retrograde diastolic Doppler flow recorded from the ventricular

outflow tract.

https://doi.org/10.1371/journal.pone.0190623.g001
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pRb cKO aortic valve leaflets show similar proliferation and apoptosis

Given the well-established role for pRb in cell cycle regulation [40] and because VIC prolifera-

tion and apoptosis have been observed in diseased human aortic valves [41], we asked whether

differences in proliferation and cell death were found in the pRb cKO aortic valves. Cellular

proliferation, measured by phospho-histone H3 expression (p-H3; Fig 3A and 3B), and apo-

ptosis, measured by TdT-mediated dUTP-biotin nick end labeling (TUNEL; Fig 3A and 3C)

were infrequently and similarly observed in both groups. Thus, differences in cell cycle regula-

tion do not explain valve dysfunction in the pRb cKO mice. Furthermore, there was no signifi-

cant difference in the number of DAPI-positive nuclei within the valve leaflets (Fig 3D).

Interestingly, the nuclear density, assessed by the number of DAPI-positive nuclei normalized

to cross-sectional leaflet area, was significantly lower in pRb cKO AoV leaflets than controls

(Fig 3E). These results are consistent with expansion and remodeling of the extracellular

matrix rather than cellular proliferation being responsible for pRb cKO aortic valve

thickening.

pRb cKO valve leaflets have disordered matrix and increased stiffness

We next asked whether the increased leaflet thickening observed in pRb cKO mice was associ-

ated with structural changes in the ECM using two non-destructive microscopy techniques.

Second harmonic generation (SHG) analysis of collagen fiber orientation demonstrated more

variable collagen structural organization in leaflets from pRb cKO mice compared with control

animals (Fig 4A). Collagen disorganization in experimental animals was further demonstrated

by quantitative analysis of pixel-wise fiber orientation (Fig 4B), which revealed a bimodal dis-

tribution in the pRb cKO AoV leaflets compared with a unimodal distribution of the pRb het

leaflets. The 2D variance, a metric of the overall collagen fiber alignment was significantly

increased in pRb cKO valves, corresponding to increased fiber disorganization (Fig 4C). Next,

Table 1. Hemodynamic evaluation and aortic root diameter of aged mice.

pRb Het pRb cKO

Female (n) Male (n) Female (n) Male (n)

Peak velocity (mm/s) 1205 ±86 (6) 1426 ±158 (6) 1206 ±38 (4) 1482 ±94 (8)

Peak gradient (mmHg) 5.96 ±0.83 (6) 8.64 ±1.63 (6) 5.83 ±0.36 (4) 8.99 ±1.17 (8)

AoV Root Diameter (mm) 1.17 ±0.03 (11) 1.22 ±0.03 (10) 1.22 ±0.05 (5) 1.28 ±0.05 (7)

https://doi.org/10.1371/journal.pone.0190623.t001

Table 2. Evaluation of heart function, weight, and systemic blood pressure in aged mice.

pRb Het pRb cKO

Female (n) Male (n) Female (n) Male (n)

Heart Rate (beats/min) 702 ± 52 (3) 595 ± 20 (5) 615 ± 55 (4) 609 ±72 (4)

EF (%) 66.38 ±5.39 (3) 60.28 ±3.88 (5) 68.16 ±7.74 (4) 59.38 ±3.66 (4)

FS (%) 36.25 ±3.89 (3) 32.14 ±2.73 (5) 38.62 ±5.61 (4) 31.46 ±2.43 (4)

Systolic BP 112.73 ±7.06 (3) 134.83 ±6.74 (5) 115.23 ±4.81 (4) 122.21 ±2.85 (4)

Diastolic BP 78.05 ±4.43 (3) 95.60 ±3.19 (5) 80.96 ±2.95 (4) 84.20 ±3.54 (4)

Normalized Heart Weight (mg/mm) 87.11 ±3.5 (8) 119.2 ±5.2 (7) 112.8 ±10.8 * (4) 147.3 ±5.8 ** (7)

EF, ejection fraction; FS, fractional shortening; BP, blood pressure. Heart weight normalized to tibia length. Values shown are mean ± SD. T-test:

*P-value = 0.016,

**P-value = 0.0036;

sex-matched cKO compared to Het.

https://doi.org/10.1371/journal.pone.0190623.t002
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using atomic force microscopy (AFM) we found that pRb cKO valves have a higher Young’s

Modulus than controls consistent with increased leaflet stiffness (pRb het valves 17.44 ±
3.8kPa versus cKO valves 23.18 ± 3.1kPa (Fig 4D)). Greater SHG intensity further indicated

that the Rb cKO valves are more fibrotic than Rb het valves (Fig 4E). Taken together, these

results demonstrate that the aortic valve thickening observed in pRb cKO aortic valves is asso-

ciated with a loss of the normally ordered array of valve collagen and ECM resulting in a stiffer

valve leaflet.

Loss of pRb in VICs results in structural changes in the ECM of aortic

valve leaflets

To better characterize ECM changes in cKO valves we performed proteomic analysis on

pRb het and cKO aortic valve leaflets. Proteomic analysis of the leaflets revealed a diverse

group of proteins present in both the het controls and pRb cKO valves. Using principle

component analysis (PCA) we created component scores for each valve sample based on

proteins that were found in pRb cKO and het control valves. The PCA scores show distinct

clustering of the pRb het valves and more varied distribution of the pRb cKO valves (Fig

5A), consistent with heterogeneous changes in the proteome caused by the loss of pRb.

Additionally, sorting by ECM class shows minor variation in protein composition (Fig 5B).

Individual normalized protein spectral counts from collected LC MS/MS data and statistical

comparisons of the data can be found in S4 Fig. Lastly, to correlate the direct effect of struc-

tural ECM components with the measured leaflet functional data, we performed a second

PCA and plotted loading scores of the structural ECM components with the stiffness and

variance functional data derived from the SHG and AFM analysis, respectively (Fig 5C).

These findings demonstrate that the functional measurements of stiffness and ECM vari-

ance clustered with ECM components important for tissue mechanics or matrix remodel-

ing, respectively.

Increased cytokine levels in aged pRb cKO mice

Because inflammation is a key driver of the early stages of aortic valve [22] disease we asked

whether systemic inflammation was increased in pRb cKO mice. Tie2-cre drives recombina-

tion in hematopoietic stem cells [13], and conditional knockout of pRb in hematopoietic cells

causes myeloproliferative disease [39]. pRb cKO mice were found to have splenomegaly, bone

marrow cellular expansion, and a relative increase in the bone marrow monocyte population

(S5 Fig). Since monocytes have been described in early CAVD lesions and secrete pro-inflam-

matory cytokines [22], we asked if markers of systemic inflammation were increased in pRb

cKO mice using a cytokine ELISA array. TNFα, IL-10, and IL-17 were elevated in aged pRb

cKO mice, compared to controls (Fig 6). Interestingly, IL-17 was only elevated in cKO mice

with aortic regurgitation (black symbols). The presence of elevated circulating cytokines sug-

gests that inflammation present in the cKO mice may be contributing to aortic valve pathology

and valve dysfunction.

Fig 2. Representative histology of aortic valve leaflets from aged mice demonstrates changes in pRb cKO AoV. A) Masson’s trichrome showing

reduced collagen staining (blue) in leaflet from pRb cKO mouse with aortic regurgitation (AR). B) Movat pentachrome showing more diffuse collage staining

(yellow) in fibrosa, but normal proteoglycan staining (blue) in the spongiosa layer of the leaflet from pRb cKO with AR. C) Immunohistochemistry for α-SMA,

demonstrating presence of activated myofibroblasts throughout leaflets of pRb cKO mouse with and without AR. Scale bar is 50μm. D) Quantification of the

percent area of the valve expressing GAGs using a Movat stain. Mean ± SEM; Student T-test P-value = 0.04. E) Quantification of α-SMA, represented as

percent of valve area with positive staining. Mean ± SEM; Student T-test P-value = 0.02.

https://doi.org/10.1371/journal.pone.0190623.g002
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Fig 3. Aged pRb cKO aortic valves do not have increased proliferation or apoptosis. A) Representative staining for phospho histone H3 (p-H3; top

panels, green) and TUNEL (bottom panels, green). Nuclei are stained blue with DAPI. B) Proliferation, shown as p-H3 expression, was not significantly

different between genotypes. C) Apoptosis, as measure by TUNEL staining, was not significantly different between genotypes. D) Absolute number of nuclei

per valve were not significantly different, but cellular density (E), expressed as DAPI+ nuclei per pixel of aortic valve leaflet, was significantly lower in pRb

cKO valves (Student’s T-Test P = 0.03). n = 7 per genotype, mean+/-SEM.

https://doi.org/10.1371/journal.pone.0190623.g003
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Discussion

In this report, we demonstrate that conditional pRb loss in the Tie2 lineage is sufficient to

cause age-dependent aortic valve thickening, ECM disorganization and regurgitation reminis-

cent of human fibrotic valvular disease or aortic valve sclerosis, a stage that precedes frank

CAVD [3]. Our model differs from several other mouse models of aortic valve disease, where

dysfunction is caused by defective embryonic valve development or aortic valve regurgitation

secondary to aortic root dilation and leaflet prolapse; however, it is similar to existing models

in that the primary outcome is aortic insufficiency and not calcification, likely due to the

hemodynamic differences between mouse and man [42, 43]. pRb cKO pups were weaned at an

expected Mendelian ratio and were found to have normal valve histology at 2 months of age

and normal valve function at 6 months, arguing against a developmental effect. Instead, pRb

cKO mice develop aortic valve pathology and dysregulation after 10–12 months of age without

dilation of the aorta. Thus, our model recapitulates features of age-dependent aortic valve dys-

function including regurgitation commonly observed in humans. Intriguingly, two members

of a human family carrying a retinoblastoma gene mutation have been found to have a bicus-

pid aortic valve potentially strengthening the importance of RB1 in aortic valve disease [44].

When healthy aortic valves transition to diseased valves, the resident VICs transition from a

quiescent fibroblast phenotype to a state of activation resembling myofibroblast-like cells,

which express mediators that can promote tissue remodeling. Similarly, the most striking

molecular difference between pRb deficient and control valves was increased α-SMA expres-

sion throughout the leaflets of all aged pRb cKO valves, consistent with activation of pRb-defi-

cient VICs into myofibroblasts. Because α-SMA expression was increased in all cKO valves,

even when aortic valve regurgitation was not present, this finding is consistent with pRb being

necessary to prevent the state of VIC activation that precedes ECM remodeling and valve dys-

function in our model.

A prevailing hypothesis in the field is that pathogenesis of aortic valve disease results from

dysregulation of the regulatory pathways that control late embryonic valve development [45,

46]. Consistent with this theory, the reduced cellular density without changes in proliferation

index within the aortic valve leaflets of pRb cKO mice is reminiscent of aortic valve remodeling

during development [21]. Given the role pRb plays in regulation of terminal differentiation of

several mesenchymal lineages, our finding in aortic valve leaflets supports a role for pRb in

promoting VIC differentiation and quiescence. This model suggests a cell autonomous role for

pRb in regulation of VIC differentiation that is required to prevent age-dependent aortic valve

dysfunction.

We speculate on two factors that we consider to be candidates for modulating the transition

of VICs to myofibroblasts in a pRb-dependent manner: Runx family transcription factors and

TGFβ. Both of these factors have been directly linked to development of the myofibroblast in

diseases states [47], as happens in aortic valve disease and in our model. Importantly, pRb and

its regulators, the D-type cyclins and cyclin-dependent kinases (cdk), are well established to

(a) directly influence Runx transcription factor function [48] and (b) mediate the effects of

TGFβ [49]. In the latter case, it is intriguing to speculate that TGFβ effects in cells in which

Fig 4. Structural analysis of AoV leaflets reveals differences in stiffness and collagen organization

between pRb het and cKO mice. A) Representative second harmonic generation (SHG) images of mouse

AoV leaflets. These images were used to calculate the variance of collagen fiber angle with representative

fiber orientation data shown in B) and total variance data shown in C) (n = 3; Student’s T-test P = 0.003). D)

Atomic force microscopy (AFM) was used to determine the Young’s modulus of the AoV leaflets (n = 4) pRb

het and 6 pRb cKO; Student’s T-test P = 0.02). E) Quantification of valve tissue fibrosis using SHG pixel

intensity. Mean ± SEM; Student T-test P-value = 0.03. Scale bar is 50μm.

https://doi.org/10.1371/journal.pone.0190623.g004
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pRb function is lost genetically as in our model or through physiological inactivation by cdk

activity as may occur in diseased tissue may switch from proliferation-suppressive (mediated

by functional pRb) to favor the transition to the myofibroblast.

In addition to a VIC cell-autonomous role for pRb in aortic valve disease our results cannot

exclude a non-cell autonomous mechanism. We asked whether the loss of pRb in hematopoietic

cells derived from the Tie2 lineage affected the immune system in pRb cKO mice and whether

there was increased inflammation, a known contributor to CAVD [50]. Several cytokines rele-

vant to aortic valve disease were found to be increased in pRb cKO mice, including TNFα and

IL-17. TNFα in particular is a pro-inflammatory cytokine that promotes CAVD progression

[51]. The pro-inflammatory cytokine IL-17, which was specifically elevated in cKO mice with

AR, is released from helper T-cells and functions to recruit monocytes into tissues [52]. While

IL-17 has not been reported in association with CAVD, T-cell infiltration has been described in

early lesions [53], and a population of gamma/delta T-cells resident in the AoV and aortic root

that secrete IL-17 has been reported [54, 55]. Although T-cell and monocyte infiltration in our

model was not obvious by H&E staining of pRb cKO valves, additional studies are required to

fully delineate the role of the immune system in pRb cKO mice with aortic valve disease. Never-

theless, increased circulating cytokine levels support the concept that inflammation may be a

valve-extrinsic factor contributing to the aortic valve abnormalities in our model.

Histological sections showed ECM remodeling in AoV leaflets of pRb cKO animals with

regurgitation, and more detailed, micron scale and protein level observations revealed

Fig 5. Analysis of the aortic valve proteome. Data represented as protein spectral counts normalized to

total ECM and cellular protein spectral counts in samples from LC/MS/MS analysis of trypsin-digested valve

leaflet tissue. pRb het were compared to pRb cKO mice with AR and grouped using k-means clustering. A)

Principal Component Analysis (PCA) of all ECM and cellular protein counts that show substantial up (greater

than 1.5 times) or down (less than 0.6) regulation of pRb cKO leaflets as compared to het controls,

demonstrating clustering of both sample types. B) ECM composition breakdown of aortic valve leaflets

describes the relative percentages of the matrix proteins in pRb cKO leaflets compared to the pRb het mice.

C) Loading scores plotted for a PCA combining measured functional data (in red) with structural ECM

proteins. Assuming 4 groups, k-means clustering was use to assess the relationships between the functional

data and the proteomics output to look for ECM components that varied with the functional data outcomes.

N = 3 per genotype.

https://doi.org/10.1371/journal.pone.0190623.g005

Fig 6. pRb loss in Tie2 lineage increases circulating cytokines in aged mice. ELISA array was used to measure circulating cytokines in serum of pRb

het and cKO mice. Serum was isolated following overnight fast by cardiac puncture immediately after sacrifice. Mean ± SEM. P-value from Student’s T-Test,

corrected for multiple measures by Holm-Sidak method (** < 0.005; ***<0.0005. N = 12 (het), 6 (cKO).

https://doi.org/10.1371/journal.pone.0190623.g006
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substantial differences. Using SHG imaging, a sensitive technique for measuring differences in

collagen architecture that does not require tissue destruction [56], we observed increased colla-

gen fiber variance and intensity in pRb cKO valve leaflets indicating a greater degree of ECM

disorganization, which is characteristic of aortic valve disease [57]. Additionally, pRb cKO

valves had a higher measured Young’s Modulus than controls, indicating further mechanical

changes occurring in the diseased valve leaflets. A large body of literature has shown that

increased substrate stiffness influences myofibroblast [58] and osteoblast differentiation [59].

Interestingly, pRb phosphorylation is inhibited at physiologic tissue stiffness and induced in

pathological stiffness in vitro, suggesting that pathologic matrix remodeling itself can regulate

cell cycling and differentiation via the pRb pathway [60].

The loss of tight, parallel collagen fibers has been shown to contribute to aortic valve dys-

function and provide nucleation sites for calcification [22, 61]. We observed differences in pro-

tein composition between pRb cKO and control mice that clustered with leaflet stiffness and

collagen variance. Collagen I, a major component of the overall matrix structure [62], corre-

lated with leaflet stiffness [63] and collagen fiber alignment was associated with fibrillins [64]

and collagen XV [65], a known regulator of ECM organization [66]. The compilation of indi-

vidual spectral counts showed a statistical difference in collagen VI expression between the

pRb cKO and control mice. Collagen VI plays an important role in valve morphogenesis and

valve development so may contribute to valve pathology [67]. Evidence from the cancer field

demonstrates that pRb negatively regulates MMP activity [68], suggesting a mechanistic link

between pRb loss/inactivation and increases in ECM remodeling in the aortic valve. Taken

together, these data suggest that the pathological remodeling observed in pRb cKO valves is

consistent with early stages of human fibrocalcific aortic valve disease. We can only speculate

whether frank valve calcification might have been present in even older pRb cKO mice.

Limitations to present study

In this report, we present a novel mouse model of aortic valve dysfunction; however, we

acknowledge some limitations to this model. Because the Tie2-Cre driver is expected to cause

recombination in cells other than VICs, we cannot exclude the possibility that our findings

may be caused by the loss of pRb outside of the AoV. For example, using the Tie2-Cre driver

does not allow us to rule out the unique contributions of circulating endothelial and CD45+

cells, which are also in the Tie2 lineage [13, 69] and accumulate in the AoV in an age-depen-

dent manner [12, 70]. Alternative Cre drivers, such as Periostin [71] or Nfatc1 [72], that target

VICs at different developmental time points, including cells not derived from the Tie2 lineage,

may further clarify the contributions of RB1 to aortic valve disease.

Conclusion

Taken together, the pRb cKO mouse represents a model of age-dependent aortic valve regurgi-

tation characterized by leaflet pathology, namely sclerosis, and circulating biomarkers of

inflammation.
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S2 Fig. Histological analysis of aortic valve leaflet calcification in aged mice. Representative
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S3 Fig. Histological analysis of aortic valve leaflets from 2-month-old mice. A) Masson’s

Trichrome, B) Movat pentachrome, and C) α-SMA Immunohistochemistry demonstrating

the lack of distinct alteration in leaflets of 2 month old mice without pRb. Scale bar is 50μm.
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S4 Fig. Differences in ECM protein components between pRb het and pRb cKO mice from

proteomics analysis. Normalized spectral counts of structural ECM proteins collected

through LC-MS/MS analysis of pRb het (blue) and pRb cKO (red) aortic valve leaflets (n = 3

for both conditions). Mean ± Std Dev; P-value (�p<0.05) from student’s t-test, corrected for

multiple measures by Holm-Sidak method.
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S5 Fig. Splenomegaly and bone marrow alterations in pRb cKO mice. A) Representative

photo of spleens harvested from aged pRb het and cKO mice. B) Spleen weight normalized to

tibia length, showing significantly splenomegaly in cKO mice (n = 15 het, 11 cKO; Student’s t-

test p<0.0001). C) H&E staining of spleens from aged mice, showing increased white pulp in

cKO samples as well as loss of typical nodular tissue structure, as in het spleens. D) H&E stain-

ing of the distal end of the tibia of aged mice, showing increased BM cells and reduced adipo-

cytes in cKO animals. E) Representative FACS analysis of bone marrow, demonstrating

increase of monocytes in cKO mice, as determined by cell surface expression Ly6C.

(TIFF)

Acknowledgments

We wish to thank Dr. Giovanni Ferrari for his thoughtful comments and suggestions, Dr. Rob-

ert Blanton for his technical assistance, and Nick Gott at the Jackson Laboratories Histopathol-

ogy Services for their preparation and staining of tissue samples.

Author Contributions

Conceptualization: Lauren D. Black, Gordon S. Huggins.

Formal analysis: Marina Freytsis, Lauren Baugh.

Funding acquisition: Philip W. Hinds, Lauren D. Black, Gordon S. Huggins.

Investigation: Marina Freytsis, Lauren Baugh.

Methodology: Lauren Baugh, Lauren D. Black.

Project administration: Marina Freytsis, Gordon S. Huggins.

Resources: Irene Georgakoudi, Philip W. Hinds, Lauren D. Black, Gordon S. Huggins.

Software: Zhiyi Liu.

Supervision: Philip W. Hinds, Lauren D. Black, Gordon S. Huggins.

Validation: Zhiyi Liu.

Visualization: Marina Freytsis, Lauren Baugh.

Writing – original draft: Marina Freytsis, Lauren Baugh.

Writing – review & editing: Philip W. Hinds, Lauren D. Black, Gordon S. Huggins.

RB1 and aortic valve regurgitation

PLOS ONE | https://doi.org/10.1371/journal.pone.0190623 January 5, 2018 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190623.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190623.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190623.s005
https://doi.org/10.1371/journal.pone.0190623


References
1. Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, et al. Heart Disease and Stroke Sta-

tistics-2017 Update: A Report From the American Heart Association. Circulation. 2017; 135(10):e146–

e603. Epub 2017/01/25. https://doi.org/10.1161/CIR.0000000000000485 PMID: 28122885; PubMed

Central PMCID: PMCPMC5408160.

2. Nkomo VT, Gardin JM, Skelton TN, Gottdiener JS, Scott CG, Enriquez-Sarano M. Burden of valvular

heart diseases: a population-based study. Lancet. 2006; 368(9540):1005–11. https://doi.org/10.1016/

S0140-6736(06)69208-8 PMID: 16980116.

3. Freeman RV, Otto CM. Spectrum of calcific aortic valve disease: pathogenesis, disease progression,

and treatment strategies. Circulation. 2005; 111(24):3316–26. https://doi.org/10.1161/

CIRCULATIONAHA.104.486738 PMID: 15967862.

4. Chan KL, Teo K, Dumesnil JG, Ni A, Tam J, Investigators A. Effect of Lipid lowering with rosuvastatin

on progression of aortic stenosis: results of the aortic stenosis progression observation: measuring

effects of rosuvastatin (ASTRONOMER) trial. Circulation. 2010; 121(2):306–14. Epub 2010/01/04.

https://doi.org/10.1161/CIRCULATIONAHA.109.900027 PMID: 20048204.

5. Rossebo AB, Pedersen TR, Boman K, Brudi P, Chambers JB, Egstrup K, et al. Intensive lipid lowering

with simvastatin and ezetimibe in aortic stenosis. N Engl J Med. 2008; 359(13):1343–56. Epub 2008/09/

04. doi: NEJMoa0804602 [pii] https://doi.org/10.1056/NEJMoa0804602 PMID: 18765433.

6. Lincoln J, Alfieri CM, Yutzey KE. Development of heart valve leaflets and supporting apparatus in

chicken and mouse embryos. Dev Dyn. 2004; 230(2):239–50. https://doi.org/10.1002/dvdy.20051

PMID: 15162503.

7. Butcher JT, Markwald RR. Valvulogenesis: the moving target. Philos Trans R Soc Lond B Biol Sci.

2007; 362(1484):1489–503. https://doi.org/10.1098/rstb.2007.2130 PMID: 17569640; PubMed Central

PMCID: PMCPMC2440410.

8. de Lange FJ, Moorman AF, Anderson RH, Männer J, Soufan AT, de Gier-de Vries C, et al. Lineage and

morphogenetic analysis of the cardiac valves. Circ Res. 2004; 95(6):645–54. Epub 2004/08/05. https://

doi.org/10.1161/01.RES.0000141429.13560.cb PMID: 15297379.

9. Rutkovskiy A, Malashicheva A, Sullivan G, Bogdanova M, Kostareva A, Stensløkken KO, et al. Valve

Interstitial Cells: The Key to Understanding the Pathophysiology of Heart Valve Calcification. J Am

Heart Assoc. 2017; 6(9). Epub 2017/09/14. https://doi.org/10.1161/JAHA.117.006339 PMID:

28912209; PubMed Central PMCID: PMCPMC5634284.

10. Gomez-Stallons MV, Wirrig-Schwendeman EE, Hassel KR, Conway SJ, Yutzey KE. Bone Morphoge-

netic Protein Signaling Is Required for Aortic Valve Calcification. Arterioscler Thromb Vasc Biol. 2016;

36(7):1398–405. Epub 2016/05/19. https://doi.org/10.1161/ATVBAHA.116.307526 PMID: 27199449;

PubMed Central PMCID: PMCPMC4919184.

11. Kisanuki YY, Hammer RE, Miyazaki J, Williams SC, Richardson JA, Yanagisawa M. Tie2-Cre trans-

genic mice: a new model for endothelial cell-lineage analysis in vivo. Dev Biol. 2001; 230(2):230–42.

https://doi.org/10.1006/dbio.2000.0106 PMID: 11161575.

12. Anstine LJ, Horne TE, Horwitz EM, Lincoln J. Contribution of Extra-Cardiac Cells in Murine Heart Valves

is Age-Dependent. Journal of American Heart Association. 2017:e007097.

13. Tang Y, Harrington A, Yang X, Friesel RE, Liaw L. The contribution of the Tie2+ lineage to primitive and

definitive hematopoietic cells. Genesis. 2010; 48(9):563–7. https://doi.org/10.1002/dvg.20654 PMID:

20645309; PubMed Central PMCID: PMCPMC2944906.

14. Rabkin-Aikawa E, Farber M, Aikawa M, Schoen FJ. Dynamic and reversible changes of interstitial cell

phenotype during remodeling of cardiac valves. J Heart Valve Dis. 2004; 13(5):841–7. PMID:

15473488.

15. Taylor PM, Batten P, Brand NJ, Thomas PS, Yacoub MH. The cardiac valve interstitial cell. Int J Bio-

chem Cell Biol. 2003; 35(2):113–8. PMID: 12479860.

16. Hammer PE, Pacak CA, Howe RD, del Nido PJ. Straightening of curved pattern of collagen fibers under

load controls aortic valve shape. J Biomech. 2014; 47(2):341–6. Epub 2013/11/28. https://doi.org/10.

1016/j.jbiomech.2013.11.032 PMID: 24315286; PubMed Central PMCID: PMCPMC4002177.

17. Messier RH, Bass BL, Aly HM, Jones JL, Domkowski PW, Wallace RB, et al. Dual structural and func-

tional phenotypes of the porcine aortic valve interstitial population: characteristics of the leaflet myofi-

broblast. J Surg Res. 1994; 57(1):1–21. https://doi.org/10.1006/jsre.1994.1102 PMID: 8041124.

18. Stephens EH, Nguyen TC, Blazejewski JG, Vekilov DP, Connell JP, Itoh A, et al. Extracellular matrix

remodeling in wound healing of critical size defects in the mitral valve leaflet. Heart Vessels. 2016; 31

(7):1186–95. Epub 2015/11/12. https://doi.org/10.1007/s00380-015-0768-8 PMID: 26563105.

RB1 and aortic valve regurgitation

PLOS ONE | https://doi.org/10.1371/journal.pone.0190623 January 5, 2018 18 / 21

https://doi.org/10.1161/CIR.0000000000000485
http://www.ncbi.nlm.nih.gov/pubmed/28122885
https://doi.org/10.1016/S0140-6736(06)69208-8
https://doi.org/10.1016/S0140-6736(06)69208-8
http://www.ncbi.nlm.nih.gov/pubmed/16980116
https://doi.org/10.1161/CIRCULATIONAHA.104.486738
https://doi.org/10.1161/CIRCULATIONAHA.104.486738
http://www.ncbi.nlm.nih.gov/pubmed/15967862
https://doi.org/10.1161/CIRCULATIONAHA.109.900027
http://www.ncbi.nlm.nih.gov/pubmed/20048204
https://doi.org/10.1056/NEJMoa0804602
http://www.ncbi.nlm.nih.gov/pubmed/18765433
https://doi.org/10.1002/dvdy.20051
http://www.ncbi.nlm.nih.gov/pubmed/15162503
https://doi.org/10.1098/rstb.2007.2130
http://www.ncbi.nlm.nih.gov/pubmed/17569640
https://doi.org/10.1161/01.RES.0000141429.13560.cb
https://doi.org/10.1161/01.RES.0000141429.13560.cb
http://www.ncbi.nlm.nih.gov/pubmed/15297379
https://doi.org/10.1161/JAHA.117.006339
http://www.ncbi.nlm.nih.gov/pubmed/28912209
https://doi.org/10.1161/ATVBAHA.116.307526
http://www.ncbi.nlm.nih.gov/pubmed/27199449
https://doi.org/10.1006/dbio.2000.0106
http://www.ncbi.nlm.nih.gov/pubmed/11161575
https://doi.org/10.1002/dvg.20654
http://www.ncbi.nlm.nih.gov/pubmed/20645309
http://www.ncbi.nlm.nih.gov/pubmed/15473488
http://www.ncbi.nlm.nih.gov/pubmed/12479860
https://doi.org/10.1016/j.jbiomech.2013.11.032
https://doi.org/10.1016/j.jbiomech.2013.11.032
http://www.ncbi.nlm.nih.gov/pubmed/24315286
https://doi.org/10.1006/jsre.1994.1102
http://www.ncbi.nlm.nih.gov/pubmed/8041124
https://doi.org/10.1007/s00380-015-0768-8
http://www.ncbi.nlm.nih.gov/pubmed/26563105
https://doi.org/10.1371/journal.pone.0190623


19. Rabkin E, Aikawa M, Stone JR, Fukumoto Y, Libby P, Schoen FJ. Activated interstitial myofibroblasts

express catabolic enzymes and mediate matrix remodeling in myxomatous heart valves. Circulation.

2001; 104(21):2525–32. PMID: 11714645.

20. Krishnamurthy VK, Guilak F, Narmoneva DA, Hinton RB. Regional structure-function relationships in

mouse aortic valve tissue. J Biomech. 2011; 44(1):77–83. Epub 2010/09/21. https://doi.org/10.1016/j.

jbiomech.2010.08.026 PMID: 20863504; PubMed Central PMCID: PMCPMC3003771.

21. Hinton RB, Lincoln J, Deutsch GH, Osinska H, Manning PB, Benson DW, et al. Extracellular matrix

remodeling and organization in developing and diseased aortic valves. Circ Res. 2006; 98(11):1431–8.

Epub 2006/04/27. https://doi.org/10.1161/01.RES.0000224114.65109.4e PMID: 16645142.

22. Otto CM, Kuusisto J, Reichenbach DD, Gown AM, O’Brien KD. Characterization of the early lesion of

’degenerative’ valvular aortic stenosis. Histological and immunohistochemical studies. Circulation.

1994; 90(2):844–53. PMID: 7519131.

23. Yip CY, Simmons CA. The aortic valve microenvironment and its role in calcific aortic valve disease.

Cardiovasc Pathol. 2011; 20(3):177–82. Epub 2011/01/20. https://doi.org/10.1016/j.carpath.2010.12.

001 PMID: 21256052.

24. Thomas DM, Carty SA, Piscopo DM, Lee JS, Wang WF, Forrester WC, et al. The retinoblastoma pro-

tein acts as a transcriptional coactivator required for osteogenic differentiation. Mol Cell. 2001; 8

(2):303–16. PMID: 11545733.

25. Gutierrez GM, Kong E, Sabbagh Y, Brown NE, Lee JS, Demay MB, et al. Impaired bone development

and increased mesenchymal progenitor cells in calvaria of RB1-/- mice. Proc Natl Acad Sci U S A.

2008; 105(47):18402–7. Epub 2008/11/19. https://doi.org/10.1073/pnas.0805925105 PMID:

19020086; PubMed Central PMCID: PMCPMC2585042.

26. Calo E, Quintero-Estades JA, Danielian PS, Nedelcu S, Berman SD, Lees JA. Rb regulates fate choice

and lineage commitment in vivo. Nature. 2010; 466(7310):1110–4. Epub 2010/08/04. https://doi.org/10.

1038/nature09264 PMID: 20686481; PubMed Central PMCID: PMCPMC2933655.

27. Arima Y, Inoue Y, Shibata T, Hayashi H, Nagano O, Saya H, et al. Rb depletion results in deregulation

of E-cadherin and induction of cellular phenotypic changes that are characteristic of the epithelial-to-

mesenchymal transition. Cancer Res. 2008; 68(13):5104–12. https://doi.org/10.1158/0008-5472.CAN-

07-5680 PMID: 18593909.

28. Lincoln J, Kist R, Scherer G, Yutzey KE. Sox9 is required for precursor cell expansion and extracellular

matrix organization during mouse heart valve development. Dev Biol. 2007; 305(1):120–32. Epub 2007/

02/07. https://doi.org/10.1016/j.ydbio.2007.02.002 PMID: 17350610; PubMed Central PMCID:

PMCPMC1920559.

29. Casanovas O, Hager JH, Chun MG, Hanahan D. Incomplete inhibition of the Rb tumor suppressor path-

way in the context of inactivated p53 is sufficient for pancreatic islet tumorigenesis. Oncogene. 2005; 24

(44):6597–604. https://doi.org/10.1038/sj.onc.1208823 PMID: 16007165.

30. Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH, Friman O, et al. CellProfiler: image analy-

sis software for identifying and quantifying cell phenotypes. Genome Biol. 2006; 7(10):R100. Epub

2006/10/31. https://doi.org/10.1186/gb-2006-7-10-r100 PMID: 17076895; PubMed Central PMCID:

PMCPMC1794559.

31. Quinn KP, Georgakoudi I. Rapid quantification of pixel-wise fiber orientation data in micrographs. J

Biomed Opt. 2013; 18(4):046003. https://doi.org/10.1117/1.JBO.18.4.046003 PMID: 23552635;

PubMed Central PMCID: PMCPMC3639785.

32. Qian HS, Weldon SM, Matera D, Lee C, Yang H, Fryer RM, et al. Quantification and Comparison of

Anti-Fibrotic Therapies by Polarized SRM and SHG-Based Morphometry in Rat UUO Model. PLoS

One. 2016; 11(6):e0156734. Epub 2016/06/03. https://doi.org/10.1371/journal.pone.0156734 PMID:

27257917; PubMed Central PMCID: PMCPMC4892485.

33. Williams C, Quinn KP, Georgakoudi I, Black LD. Young developmental age cardiac extracellular matrix

promotes the expansion of neonatal cardiomyocytes in vitro. Acta Biomater. 2014; 10(1):194–204.

Epub 2013/09/06. https://doi.org/10.1016/j.actbio.2013.08.037 PMID: 24012606; PubMed Central

PMCID: PMCPMC3840040.

34. Nishimura S, Sasaki T, Shimizu A, Yoshida K, Iwai H, Koya I, et al. Global gene expression analysis fol-

lowing spinal cord injury in non-human primates. Exp Neurol. 2014; 261:171–9. Epub 2014/05/27.

https://doi.org/10.1016/j.expneurol.2014.05.021 PMID: 24873731.

35. Agarwal U, Smith AW, French KM, Boopathy AV, George A, Trac D, et al. Age-Dependent Effect of

Pediatric Cardiac Progenitor Cells After Juvenile Heart Failure. Stem Cells Transl Med. 2016; 5(7):883–

92. Epub 2016/05/05. https://doi.org/10.5966/sctm.2015-0241 PMID: 27151913; PubMed Central

PMCID: PMCPMC4922847.

36. Launay G, Salza R, Multedo D, Thierry-Mieg N, Ricard-Blum S. MatrixDB, the extracellular matrix inter-

action database: updated content, a new navigator and expanded functionalities. Nucleic Acids Res.

RB1 and aortic valve regurgitation

PLOS ONE | https://doi.org/10.1371/journal.pone.0190623 January 5, 2018 19 / 21

http://www.ncbi.nlm.nih.gov/pubmed/11714645
https://doi.org/10.1016/j.jbiomech.2010.08.026
https://doi.org/10.1016/j.jbiomech.2010.08.026
http://www.ncbi.nlm.nih.gov/pubmed/20863504
https://doi.org/10.1161/01.RES.0000224114.65109.4e
http://www.ncbi.nlm.nih.gov/pubmed/16645142
http://www.ncbi.nlm.nih.gov/pubmed/7519131
https://doi.org/10.1016/j.carpath.2010.12.001
https://doi.org/10.1016/j.carpath.2010.12.001
http://www.ncbi.nlm.nih.gov/pubmed/21256052
http://www.ncbi.nlm.nih.gov/pubmed/11545733
https://doi.org/10.1073/pnas.0805925105
http://www.ncbi.nlm.nih.gov/pubmed/19020086
https://doi.org/10.1038/nature09264
https://doi.org/10.1038/nature09264
http://www.ncbi.nlm.nih.gov/pubmed/20686481
https://doi.org/10.1158/0008-5472.CAN-07-5680
https://doi.org/10.1158/0008-5472.CAN-07-5680
http://www.ncbi.nlm.nih.gov/pubmed/18593909
https://doi.org/10.1016/j.ydbio.2007.02.002
http://www.ncbi.nlm.nih.gov/pubmed/17350610
https://doi.org/10.1038/sj.onc.1208823
http://www.ncbi.nlm.nih.gov/pubmed/16007165
https://doi.org/10.1186/gb-2006-7-10-r100
http://www.ncbi.nlm.nih.gov/pubmed/17076895
https://doi.org/10.1117/1.JBO.18.4.046003
http://www.ncbi.nlm.nih.gov/pubmed/23552635
https://doi.org/10.1371/journal.pone.0156734
http://www.ncbi.nlm.nih.gov/pubmed/27257917
https://doi.org/10.1016/j.actbio.2013.08.037
http://www.ncbi.nlm.nih.gov/pubmed/24012606
https://doi.org/10.1016/j.expneurol.2014.05.021
http://www.ncbi.nlm.nih.gov/pubmed/24873731
https://doi.org/10.5966/sctm.2015-0241
http://www.ncbi.nlm.nih.gov/pubmed/27151913
https://doi.org/10.1371/journal.pone.0190623


2015; 43(Database issue):D321–7. Epub 2014/11/06. https://doi.org/10.1093/nar/gku1091 PMID:

25378329; PubMed Central PMCID: PMCPMC4383919.

37. Jacks T, Fazeli A, Schmitt EM, Bronson RT, Goodell MA, Weinberg RA. Effects of an Rb mutation in the

mouse. Nature. 1992; 359(6393):295–300. https://doi.org/10.1038/359295a0 PMID: 1406933.

38. Macleod KF. The role of the RB tumour suppressor pathway in oxidative stress responses in the hae-

matopoietic system. Nat Rev Cancer. 2008; 8(10):769–81. Epub 2008/09/18. https://doi.org/10.1038/

nrc2504 PMID: 18800074; PubMed Central PMCID: PMCPMC2989879.

39. Walkley CR, Shea JM, Sims NA, Purton LE, Orkin SH. Rb regulates interactions between hematopoi-

etic stem cells and their bone marrow microenvironment. Cell. 2007; 129(6):1081–95. https://doi.org/

10.1016/j.cell.2007.03.055 PMID: 17574022; PubMed Central PMCID: PMCPMC2768301.

40. Weinberg RA. The retinoblastoma protein and cell cycle control. Cell. 1995; 81(3):323–30. PMID:

7736585.

41. Wirrig EE, Hinton RB, Yutzey KE. Differential expression of cartilage and bone-related proteins in pedi-

atric and adult diseased aortic valves. J Mol Cell Cardiol. 2011; 50(3):561–9. Epub 2010/12/14. https://

doi.org/10.1016/j.yjmcc.2010.12.005 PMID: 21163264; PubMed Central PMCID: PMCPMC3035730.

42. Miller JD, Weiss RM, Heistad DD. Calcific aortic valve stenosis: methods, models, and mechanisms.

Circ Res. 2011; 108(11):1392–412. https://doi.org/10.1161/CIRCRESAHA.110.234138 PMID:

21617136; PubMed Central PMCID: PMCPMC3150727.

43. Sider KL, Blaser MC, Simmons CA. Animal models of calcific aortic valve disease. Int J Inflam. 2011;

2011:364310. Epub 2011/08/02. https://doi.org/10.4061/2011/364310 PMID: 21826258; PubMed Cen-

tral PMCID: PMCPMC3150155.

44. Abeyratne LR, Kingston JE, Onadim Z, Dubrey SW. Heritable retinoblastoma and accelerated aortic

valve disease. BMJ Case Rep. 2013; 2013. Epub 2013/04/16. https://doi.org/10.1136/bcr-2013-009233

PMID: 23595191; PubMed Central PMCID: PMCPMC3645137.

45. Combs MD, Yutzey KE. Heart valve development: regulatory networks in development and disease.

Circ Res. 2009; 105(5):408–21. https://doi.org/10.1161/CIRCRESAHA.109.201566 PMID: 19713546;

PubMed Central PMCID: PMCPMC2777683.

46. Schoen FJ. Cardiac valves and valvular pathology: update on function, disease, repair, and replace-

ment. Cardiovasc Pathol. 2005; 14(4):189–94. https://doi.org/10.1016/j.carpath.2005.03.005 PMID:

16009317.

47. Kim W, Barron DA, San Martin R, Chan KS, Tran LL, Yang F, et al. RUNX1 is essential for mesenchy-

mal stem cell proliferation and myofibroblast differentiation. Proc Natl Acad Sci U S A. 2014; 111

(46):16389–94. Epub 2014/10/13. https://doi.org/10.1073/pnas.1407097111 PMID: 25313057;

PubMed Central PMCID: PMCPMC4246299.

48. Ballatori SE, Hinds PW. Osteosarcoma: prognosis plateau warrants retinoblastoma pathway targeted

therapy. Signal Transduction and Targeted Therapy. 2016; 1:16001. https://doi.org/10.1038/sigtrans.

2016.1 PMID: 29263893

49. Lebrun JJ. The Dual Role of TGFβ in Human Cancer: From Tumor Suppression to Cancer Metastasis.

ISRN Mol Biol. 2012; 2012:381428. Epub 2012/12/24. https://doi.org/10.5402/2012/381428 PMID:

27340590; PubMed Central PMCID: PMCPMC4899619.

50. Nagy E, Andersson DC, Caidahl K, Eriksson MJ, Eriksson P, Franco-Cereceda A, et al. Upregulation of

the 5-lipoxygenase pathway in human aortic valves correlates with severity of stenosis and leads to leu-

kotriene-induced effects on valvular myofibroblasts. Circulation. 2011; 123(12):1316–25. Epub 2011/

03/14. https://doi.org/10.1161/CIRCULATIONAHA.110.966846 PMID: 21403093.

51. Galeone A, Paparella D, Colucci S, Grano M, Brunetti G. The role of TNF-α and TNF superfamily mem-

bers in the pathogenesis of calcific aortic valvular disease. ScientificWorldJournal. 2013; 2013:875363.

Epub 2013/11/06. https://doi.org/10.1155/2013/875363 PMID: 24307884; PubMed Central PMCID:

PMCPMC3836568.

52. Miossec P, Korn T, Kuchroo VK. Interleukin-17 and type 17 helper T cells. N Engl J Med. 2009; 361

(9):888–98. https://doi.org/10.1056/NEJMra0707449 PMID: 19710487.

53. Olsson M, Dalsgaard CJ, Haegerstrand A, Rosenqvist M, Rydén L, Nilsson J. Accumulation of T lym-

phocytes and expression of interleukin-2 receptors in nonrheumatic stenotic aortic valves. J Am Coll

Cardiol. 1994; 23(5):1162–70. PMID: 8144784.

54. Sherlock JP, Joyce-Shaikh B, Turner SP, Chao CC, Sathe M, Grein J, et al. IL-23 induces spondyloar-

thropathy by acting on ROR-γt+ CD3+CD4-CD8- entheseal resident T cells. Nat Med. 2012; 18

(7):1069–76. Epub 2012/07/01. https://doi.org/10.1038/nm.2817 PMID: 22772566.

55. Reinhardt A, Yevsa T, Worbs T, Lienenklaus S, Sandrock I, Oberdörfer L, et al. Interleukin-23-Depen-

dent γ/δ T Cells Produce Interleukin-17 and Accumulate in the Enthesis, Aortic Valve, and Ciliary Body

RB1 and aortic valve regurgitation

PLOS ONE | https://doi.org/10.1371/journal.pone.0190623 January 5, 2018 20 / 21

https://doi.org/10.1093/nar/gku1091
http://www.ncbi.nlm.nih.gov/pubmed/25378329
https://doi.org/10.1038/359295a0
http://www.ncbi.nlm.nih.gov/pubmed/1406933
https://doi.org/10.1038/nrc2504
https://doi.org/10.1038/nrc2504
http://www.ncbi.nlm.nih.gov/pubmed/18800074
https://doi.org/10.1016/j.cell.2007.03.055
https://doi.org/10.1016/j.cell.2007.03.055
http://www.ncbi.nlm.nih.gov/pubmed/17574022
http://www.ncbi.nlm.nih.gov/pubmed/7736585
https://doi.org/10.1016/j.yjmcc.2010.12.005
https://doi.org/10.1016/j.yjmcc.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21163264
https://doi.org/10.1161/CIRCRESAHA.110.234138
http://www.ncbi.nlm.nih.gov/pubmed/21617136
https://doi.org/10.4061/2011/364310
http://www.ncbi.nlm.nih.gov/pubmed/21826258
https://doi.org/10.1136/bcr-2013-009233
http://www.ncbi.nlm.nih.gov/pubmed/23595191
https://doi.org/10.1161/CIRCRESAHA.109.201566
http://www.ncbi.nlm.nih.gov/pubmed/19713546
https://doi.org/10.1016/j.carpath.2005.03.005
http://www.ncbi.nlm.nih.gov/pubmed/16009317
https://doi.org/10.1073/pnas.1407097111
http://www.ncbi.nlm.nih.gov/pubmed/25313057
https://doi.org/10.1038/sigtrans.2016.1
https://doi.org/10.1038/sigtrans.2016.1
http://www.ncbi.nlm.nih.gov/pubmed/29263893
https://doi.org/10.5402/2012/381428
http://www.ncbi.nlm.nih.gov/pubmed/27340590
https://doi.org/10.1161/CIRCULATIONAHA.110.966846
http://www.ncbi.nlm.nih.gov/pubmed/21403093
https://doi.org/10.1155/2013/875363
http://www.ncbi.nlm.nih.gov/pubmed/24307884
https://doi.org/10.1056/NEJMra0707449
http://www.ncbi.nlm.nih.gov/pubmed/19710487
http://www.ncbi.nlm.nih.gov/pubmed/8144784
https://doi.org/10.1038/nm.2817
http://www.ncbi.nlm.nih.gov/pubmed/22772566
https://doi.org/10.1371/journal.pone.0190623


in Mice. Arthritis Rheumatol. 2016; 68(10):2476–86. https://doi.org/10.1002/art.39732 PMID:

27111864.

56. Strupler M, Pena AM, Hernest M, Tharaux PL, Martin JL, Beaurepaire E, et al. Second harmonic imag-

ing and scoring of collagen in fibrotic tissues. Opt Express. 2007; 15(7):4054–65. PMID: 19532649.

57. Chen JH, Simmons CA. Cell-matrix interactions in the pathobiology of calcific aortic valve disease: criti-

cal roles for matricellular, matricrine, and matrix mechanics cues. Circ Res. 2011; 108(12):1510–24.

Epub 2011/06/11. doi: 108/12/1510 [pii] https://doi.org/10.1161/CIRCRESAHA.110.234237 PMID:

21659654.

58. Guvendiren M, Perepelyuk M, Wells RG, Burdick JA. Hydrogels with differential and patterned mechan-

ics to study stiffness-mediated myofibroblastic differentiation of hepatic stellate cells. J Mech Behav

Biomed Mater. 2014; 38:198–208. Epub 2013/12/04. https://doi.org/10.1016/j.jmbbm.2013.11.008

PMID: 24361340; PubMed Central PMCID: PMCPMC4045659.

59. Huebsch N, Arany PR, Mao AS, Shvartsman D, Ali OA, Bencherif SA, et al. Harnessing traction-medi-

ated manipulation of the cell/matrix interface to control stem-cell fate. Nat Mater. 2010; 9(6):518–26.

Epub 2010/04/25. https://doi.org/10.1038/nmat2732 PMID: 20418863; PubMed Central PMCID:

PMCPMC2919753.

60. Klein EA, Yin L, Kothapalli D, Castagnino P, Byfield FJ, Xu T, et al. Cell-cycle control by physiological

matrix elasticity and in vivo tissue stiffening. Curr Biol. 2009; 19(18):1511–8. Epub 2009/09/17. https://

doi.org/10.1016/j.cub.2009.07.069 PMID: 19765988; PubMed Central PMCID: PMCPMC2755619.

61. Xiao Z, Camalier CE, Nagashima K, Chan KC, Lucas DA, de la Cruz MJ, et al. Analysis of the extracel-

lular matrix vesicle proteome in mineralizing osteoblasts. J Cell Physiol. 2007; 210(2):325–35. https://

doi.org/10.1002/jcp.20826 PMID: 17096383.

62. Frantz C, Stewart KM, Weaver VM. The extracellular matrix at a glance. J Cell Sci. 2010; 123(Pt

24):4195–200. https://doi.org/10.1242/jcs.023820 PMID: 21123617; PubMed Central PMCID:

PMCPMC2995612.

63. Licup AJ, Münster S, Sharma A, Sheinman M, Jawerth LM, Fabry B, et al. Stress controls the mechan-

ics of collagen networks. Proc Natl Acad Sci U S A. 2015; 112(31):9573–8. Epub 2015/07/20. https://

doi.org/10.1073/pnas.1504258112 PMID: 26195769; PubMed Central PMCID: PMCPMC4534289.

64. Baldock C, Koster AJ, Ziese U, Rock MJ, Sherratt MJ, Kadler KE, et al. The supramolecular organiza-

tion of fibrillin-rich microfibrils. J Cell Biol. 2001; 152(5):1045–56. PMID: 11238459; PubMed Central

PMCID: PMCPMC2198817.

65. Li D, Clark CC, Myers JC. Basement membrane zone type XV collagen is a disulfide-bonded chondroi-

tin sulfate proteoglycan in human tissues and cultured cells. J Biol Chem. 2000; 275(29):22339–47.

https://doi.org/10.1074/jbc.M000519200 PMID: 10791950.

66. Sabatelli P, Bonaldo P, Lattanzi G, Braghetta P, Bergamin N, Capanni C, et al. Collagen VI deficiency

affects the organization of fibronectin in the extracellular matrix of cultured fibroblasts. Matrix Biol. 2001;

20(7):475–86. PMID: 11691587.

67. Schroeder JA, Jackson LF, Lee DC, Camenisch TD. Form and function of developing heart valves:

coordination by extracellular matrix and growth factor signaling. J Mol Med (Berl). 2003; 81(7):392–403.

Epub 2003/06/25. https://doi.org/10.1007/s00109-003-0456-5 PMID: 12827270.

68. Johnson JL, Pillai S, Pernazza D, Sebti SM, Lawrence NJ, Chellappan SP. Regulation of matrix metallo-

proteinase genes by E2F transcription factors: Rb-Raf-1 interaction as a novel target for metastatic dis-

ease. Cancer Res. 2012; 72(2):516–26. Epub 2011/11/15. https://doi.org/10.1158/0008-5472.CAN-11-

2647 PMID: 22086850; PubMed Central PMCID: PMCPMC3261351.

69. Egan KP, Kim JH, Mohler ER, Pignolo RJ. Role for circulating osteogenic precursor cells in aortic valvu-

lar disease. Arterioscler Thromb Vasc Biol. 2011; 31(12):2965–71. Epub 2011/09/08. https://doi.org/10.

1161/ATVBAHA.111.234724 PMID: 21903944; PubMed Central PMCID: PMCPMC3220759.

70. Anstine LJ, Horne TE, Horwitz EM, Lincoln J. Contribution of Extra-Cardiac Cells in Murine Heart Valves

is Age-Dependent. Journal of American Heart Association. 2017; 6:e007097.

71. Fang M, Alfieri CM, Hulin A, Conway SJ, Yutzey KE. Loss of β-catenin promotes chondrogenic differen-

tiation of aortic valve interstitial cells. Arterioscler Thromb Vasc Biol. 2014; 34(12):2601–8. Epub 2014/

10/23. https://doi.org/10.1161/ATVBAHA.114.304579 PMID: 25341799; PubMed Central PMCID:

PMCPMC4239156.

72. Wu B, Wang Y, Lui W, Langworthy M, Tompkins KL, Hatzopoulos AK, et al. Nfatc1 coordinates valve

endocardial cell lineage development required for heart valve formation. Circ Res. 2011; 109(2):183–

92. Epub 2011/05/19. https://doi.org/10.1161/CIRCRESAHA.111.245035 PMID: 21597012; PubMed

Central PMCID: PMCPMC3132827.

RB1 and aortic valve regurgitation

PLOS ONE | https://doi.org/10.1371/journal.pone.0190623 January 5, 2018 21 / 21

https://doi.org/10.1002/art.39732
http://www.ncbi.nlm.nih.gov/pubmed/27111864
http://www.ncbi.nlm.nih.gov/pubmed/19532649
https://doi.org/10.1161/CIRCRESAHA.110.234237
http://www.ncbi.nlm.nih.gov/pubmed/21659654
https://doi.org/10.1016/j.jmbbm.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24361340
https://doi.org/10.1038/nmat2732
http://www.ncbi.nlm.nih.gov/pubmed/20418863
https://doi.org/10.1016/j.cub.2009.07.069
https://doi.org/10.1016/j.cub.2009.07.069
http://www.ncbi.nlm.nih.gov/pubmed/19765988
https://doi.org/10.1002/jcp.20826
https://doi.org/10.1002/jcp.20826
http://www.ncbi.nlm.nih.gov/pubmed/17096383
https://doi.org/10.1242/jcs.023820
http://www.ncbi.nlm.nih.gov/pubmed/21123617
https://doi.org/10.1073/pnas.1504258112
https://doi.org/10.1073/pnas.1504258112
http://www.ncbi.nlm.nih.gov/pubmed/26195769
http://www.ncbi.nlm.nih.gov/pubmed/11238459
https://doi.org/10.1074/jbc.M000519200
http://www.ncbi.nlm.nih.gov/pubmed/10791950
http://www.ncbi.nlm.nih.gov/pubmed/11691587
https://doi.org/10.1007/s00109-003-0456-5
http://www.ncbi.nlm.nih.gov/pubmed/12827270
https://doi.org/10.1158/0008-5472.CAN-11-2647
https://doi.org/10.1158/0008-5472.CAN-11-2647
http://www.ncbi.nlm.nih.gov/pubmed/22086850
https://doi.org/10.1161/ATVBAHA.111.234724
https://doi.org/10.1161/ATVBAHA.111.234724
http://www.ncbi.nlm.nih.gov/pubmed/21903944
https://doi.org/10.1161/ATVBAHA.114.304579
http://www.ncbi.nlm.nih.gov/pubmed/25341799
https://doi.org/10.1161/CIRCRESAHA.111.245035
http://www.ncbi.nlm.nih.gov/pubmed/21597012
https://doi.org/10.1371/journal.pone.0190623

