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Abstract

Biglycan accumulates in aortic valves affected by calcific aortic valve disease (CAVD), and 

soluble biglycan up-regulates BMP-2 expression in human aortic valve interstitial cells (AVICs) 

via Toll-like receptor (TLR) 2 and induces AVIC pro-osteogenic reprogramming, characterized by 

elevated pro-osteogenic activities. We sought to identify the factors responsible for biglycan-

induced pro-osteogenic reprogramming in human AVICs. Treatment of AVICs with recombinant 

biglycan induced the secretion of BMP-2 and TGF-β1, but not BMP-4 or BMP-7. Biglycan up-

regulated TGF-β1 expression in a TLR4-dependent fashion. Neutralization of BMP-2 or TGF-β1 

attenuated the expression of ALP, osteopontin and Runx2 in cells exposed to biglycan. However, 

neutralization of both BMP-2 and TGF-β1 abolished the expression of these osteogenic 

biomarkers and calcium deposition. Phosphorylated Smad1 and Smad3 were detected in cells 

exposed to biglycan, and knockdown of Smad1 or Smad3 attenuated the effect of biglycan on the 

expression of osteogenic biomarkers. While BMP-2 and TGF-β1 each up-regulated the expression 

of osteogenic biomarkers, an exposure to BMP-2 plus TGF-β1 induced a greater up-regulation and 

results in calcium deposition. We conclude that concurrent up-regulation of BMP-2 and TGF-β1 is 

responsible for biglycan-induced pro-osteogenic reprogramming in human AVICs. The Smad 1/3 

pathways are involved in the mechanism of AVIC pro-osteogenic reprogramming.
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Calcific aortic valve disease (CAVD) is the most common cardiovascular disorder in people 

of 65 years and older [1–3]. Currently, pharmacological interventions for slowing down the 

progression of this disease are unavailable.

Diseased aortic valve leaflets exhibit evidence of inflammation and osteogenic activity [1–

4]. Valvular inflammatory and osteogenic responses appear to be the inciting events in the 

pathogenesis of CAVD. In addition, pro-inflammatory stimuli have been shown to promote 
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the expression of osteogenic mediators by valvular cells in vitro [5–9]. While an interaction 

between the pro-inflammatory and pro-osteogenic mechanisms appear to be involve in the 

pathobiology of CAVD, it remains unclear what stimulus in the valvular tissue up-regulates 

the expression of pro-osteogenic mediators and what molecular mechanism mediates 

valvular osteogenic responses. Investigation of the mechanism underlying pro-osteogenic 

reprogramming of aortic valve cells will improve the understanding of the pathogenesis of 

CAVD and may lead to the development of pharmacological treatments for slowing down 

its progression.

Accumulating clinical and experimental studies demonstrate that the osteogenic responses of 

aortic valve interstitial cells (AVICs) play an important role in the development and 

progression of CAVD [1,10]. Expression of pro-osteogenic factors, including bone 

morphogenetic proteins (BMPs), by AVICs is one of the central events that are associated 

with the initiation and progression of the pathological changes in CAVD [11,12]. The 

mechanism that mediates AVIC expression of pro-osteogenic mediators remains unclear. 

Biglycan is a leucine-rich proteoglycan and is a component of the extracellular matrix. In the 

extracellular matrix, biglycan is present primarily in an insoluble form. Soluble biglycan can 

accumulate in tissue in response to stress and injury [13,14]. Soluble biglycan is an 

endogenous activator of Toll-like receptors (TLRs), particularly TLR2 and TLR4 [13,15]. 

Recent studies found that recombinant biglycan up-regulates the levels of phosphate transfer 

protein and BMP-2 in human AVICs in a TLR2-dependent fashion [14,16]. Importantly, 

biglycan accumulation is observed in aortic valves explanted from patients with CAVD 

[14,17]. Furthermore, we observed that human AVICs from diseased aortic valves express 

and release higher levels of biglycan and that prolonged stimulation of human AVICs with 

recombinant biglycan induces alkaline phosphatase (ALP) expression and calcium 

deposition in vitro [16]. As the expression of ALP and formation of calcium deposits are 

biomarkers of AVIC pro-osteogenic reprogramming [5,18], the effect of biglycan on these 

biomarkers indicate a potential role of soluble biglycan accumulation in CAVD progression. 

Currently, the factors that mediate biglycan-induced AVIC pro-osteogenic reprogramming 

are unknown although such reprogramming is associated with increased cellular BMP-2 

levels [16].

TGF-β1 is a member of the BMP superfamily and is recognized as a potent pro-osteogenic 

factor [19,20]. TGF-β1 has been found to promote in vitro calcification in aortic smooth 

muscle cell [20] and in AVICs [21]. BMP-2 and TGF-β1 in tissue implants display 

synergistic effects on ectopic bone formation in vivo [22]. Several studies demonstrate that 

biglycan interacts with TGF-β1 and modulates its pro-osteogenic activity in osteoblasts and 

human umbilical vein endothelial cells [23,24]. Further, proteoglycan promotes TGF-β1 

production in vascular smooth muscle cells [25]. It is possible that BMP-2 and TGF-β1 

coordinately mediate AVIC pro-osteogenic reprogramming if TGF-β1 is also up-regulated 

by biglycan.

TGF-β1 and BMP-2 activate the Smad signaling pathways. BMP-2 primarily utilizes Smad1 

while TGF-β1 utilizes Smad3 for signaling [26,27]. Phosphorylated Smad molecules 

translocate into the nucleus to up-regulate the expression of genes involved in osteoblast 

differentiation and vascular calcification [28,29]. Thus, phosphorylated Smad1 and Smad3 
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serve as biomarkers of BMP-2 and TGF-β1 activities [26,27]. The role of the Smad 

signaling pathways in biglycan-induced AVIC pro-osteogenic reprogramming needs to be 

elucidated.

We hypothesized that biglycan induces human AVIC pro-osteogenic reprogramming by 

concurrent up-regulation of BMP-2 and TGF-β1. The purpose of this study was to 

determine: 1) the role of BMP-2 in mediating biglycan-induced AVIC pro-osteogenic 

reprogramming, 2) the effect of biglycan on the release and expression of TGF-β1 by human 

AVICs, and 3) whether TGF-β1 plays a mechanistic role in biglycan-induced AVIC pro-

osteogenic reprogramming.

Materials and Methods

Materials

Antibody against human BMP-2 was purchased from ProSci, Inc. (Poway, CA). Antibodies 

against human TLR2 and TLR4 were purchased from Imgenex, Inc. (San Diego, California). 

Antibodies against osteopontin, Runx2, phosphorylated Smad1, total Smad1, 

phosphorylated Smad3 and total Smad3 were purchased from Cell Signaling, Inc. (Beverly, 

MA). Medium 199 was purchased from Lonza (Walkersville, MD). Recombinant human 

biglycan (expressed by murine myeloma cell line; endotoxin-free), TGF-β1 and BMP-2, 

antibodies against TGF-β1 and ELISA kits for TGF-β1, BMP-2, BMP-4 and BMP-7 were 

purchased from R&D System (Minneapolis, MN). Specific siRNA for human Smad1 and 

Smad3 were purchased from Ambion, Inc. (Carlsbad, CA). HiPerFect® transfection reagent 

and other transfection-related reagents were purchased from Qiagen (Valencia, CA). All 

other chemicals and reagents were from Sigma-Aldrich Chemical Co. (St Louis, MO).

Cell isolation and treatment

Normal aortic valve leaflets were collected from the explanted hearts of 6 patients (4 males 

and 2 females, age 59.0±8.1 years) undergoing heart transplantation due to late stage of 

cardiomyopathy. These valve leaflets were thin and did not exhibit histological abnormality. 

All patients gave informed consent for the use of their aortic valves for this study. This study 

was approved by the Institutional Review Board of University of Colorado Denver.

AVICs were isolated and cultured using the previously described method [5,30]. Briefly, 

valve leaflets were subjected to sequential digestions with collagenase, and cells were 

collected by centrifugation. Cells were cultured in M199 growth medium supplemented with 

10% fetal bovine serum, 100 units/ml penicillin G, streptomycin, and amphotericin B. Cells 

of passage 4 to 6 were used, and cells were treated when they reached 80 to 90% confluence.

To determine the effect of soluble biglycan on TGF-β1 expression, cells were treated with 

recombinant human biglycan (0.05, 0.10 and 0.20 μg/ml) for 24 or 48 h. Levels of TGF-β1 

in cell lysates were assessed by immunoblotting.

To determine the role of BMP-2 and TGF-β1 in biglycan-induced pro-osteogenic 

reprogramming, cells were treated with biglycan for 3 to 21 days in the presence of 

neutralizing antibodies (10 μg/ml) against human BMP-2 and/or TGF-β1. Cellular levels of 
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ALP, osteopontin and Runx2 were analyzed at 3 days. Additional cells were treated with 

BMP-2 (0.10 μg/ml) [31], TGF-β1 (0.005 μg/ml) [32] or a combination of these two pro-

osteogenic mediators for 3 to 21 days to determine their effect on cellular levels of ALP, 

osteopontin and Runx2, ALP activity and calcium deposition.

The effect of biglycan on phosphorylation of Smad1 and Smad3 was determined following 

stimulation of cells with biglycan for 24 to 72 h. To determine the role of the Smad1 and 

Smad3 signaling pathways in mediating the effect of biglycan on AVIC pro-osteogenic 

reprogramming, cells were pretreated with Smad1 siRNA or Smad3 siRNA and then 

stimulated with biglycan for 3 days.

Immunoblotting

To analyze protein levels of TGF-β1, ALP, osteopontin and Runx2, immunoblotting was 

performed, as described previously [33]. After visualizing protein bands with the enhanced 

chemiluminescence system, analysis of band density was performed using the National 

Institutes of Health ImageJ software (Wayne Rasband, National Institutes of Health, 

Bethesda, MD).

ELISA

Cell culture supernatants were collected. Levels of TGF-β1, BMP-2, BMP-4 and BMP-7 

were analyzed using ELISA kits following the manufacturer’s protocol.

Gene knockdown

To knockdown Smad1 and Smad3, cells (60–70% confluent) on 24-well plates were 

incubated with a mixture of siRNA (50 nM) and transfection reagent (6 μl per ml of 

medium) for 48 h. Control cells were treated with the same concentrations of scrambled 

siRNA and transfection reagent.

Analysis of calcium deposits and ALP activity

Calcium deposits were examined by Alizarin Red staining. ALP activity was analyzed by 

chemical staining. After fixation for 15 min in 4% paraformaldehyde, cell monolayers were 

incubated with 0.2% Alizarin Red S solution (pH 4.2) or a mixture of 0.1 mg/ml naphthol 

AS-MX phosphate and 0.6 mg/ml Fast Blue BB salt (pH 8.5) at room temperature [5,16]. 

Alizarin red and ALP activity stains were examined and photographed with a Nikon Eclipse 

TS100 microscope (Tokyo, Japan). To quantitatively analyze Alizarin Red staining, stains 

were bleached with 10% acetic acid at 85 °C. Supernatant was analyzed 

spectrophotometrically at 450 nm [34].

Statistical analysis

All results are expressed as mean ± SE. Comparisons between groups were performed using 

a StatView software (Abacus Concepts, Calabasas, CA) with one-way analysis of variance 

(ANOVA) with the post hoc Bonferroni/Dunn test. An interaction was also tested if a linear 

trend was indicated. A difference was considered significant at P< 0.05.
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Results

Neutralization of BMP-2 reduces, but does not abrogate biglycan-induced expression of 
ALP, osteopontin and Runx2

BMP-2 is an important mediator of AVIC calcification [18]. To determine the role of 

BMP-2 in biglycan-induced expression of ALP, osteopontin and Runx2, we stimulated cells 

with 0.10 μg/ml of recombinant human biglycan in the presence of a specific neutralizing 

antibody against BMP-2. Neutralization of BMP-2 attenuated the increase in protein levels 

of ALP, osteopontin and Runx2 after 3 days of biglycan stimulation while non-immune IgG 

had no effect (Figure 1). However, the levels of these osteogenic biomarkers in cells treated 

with BMP-2-neutralizing antibody remained significantly higher than those in untreated 

controls (baseline). It appears that BMP-2 has a partial role in mediating the effect of 

biglycan on AVIC expression of ALP, osteopontin and Runx2.

Biglycan up-regulates TGF-β1 expression

To identify additional pro-osteogenic factors, we determined the effect of recombinant 

biglycan on the secretion of TGF-β1, BMP-2, BMP-4 and BMP-7 by human AVICs. As 

shown in Figure 2A, biglycan induced the secretion of TGF-β1 and BMP-2, but had no 

effect on the secretion of BMP-4 and BMP-7. To examine whether the increased secretion of 

TGF-β1 is associated with up-regulation of its protein levels in the cells, we analyzed TGF-

β1 protein in cell lysates after biglycan stimulation for 24 and 48 h. Treatment with biglycan 

increased the protein levels of TGF-β1 at 24 h, and higher levels of this pro-osteogenic 

factor were observed in cell lysate at 48 h. (Figure 2B). Thus, biglycan up-regulates 

expression of TGF-β1 in human AVICs and promotes the release of this pro-osteogenic 

factor.

We have found that stimulation of TLR2 or TLR4 induces osteogenic responses in human 

AVICs [5]. In a recent study [16], we observed that biglycan interacts with both TLR2 and 

TLR4 in human AVICs. To determine the role of these two innate immune receptors in 

mediating biglycan-induced TGF-β1 expression, we applied neutralizing antibodies to block 

TLR2 and TLR4. Interestingly, neutralization of TLR4 reduced TGF-β1 protein levels in 

cells exposed to biglycan (Figure 2C). In contrast, neutralization of TLR2 had a minor effect 

on TGF-β1 levels (Figure 2C). Our previous study shows that biglycan up-regulates BMP-2 

levels in human AVICs primarily through TLR2. The results of the present study indicate 

that TLR4 has a major role in mediating TGF-β1 expression induced by biglycan in human 

AVICs.

Neutralization of both TGF-β1 and BMP-2 abolishes the effect of biglycan on pro-
osteogenic reprogramming in AVICs

To determine whether both TGF-β1 and BMP-2 are involved in mediating biglycan-induced 

AVIC pro-osteogenic reprogramming in human AVICs, we applied antibodies to neutralize 

TGF-β1 and BMP-2. Neutralization of TGF-β1 attenuated the increase in protein levels of 

ALP, osteopontin and Runx2 in AVICs exposed to biglycan. Neutralization of both TGF-β1 

and BMP-2 abrogated the increase in protein levels of these three osteogenic biomarkers in 

AVICs exposed to biglycan, resulting in comparable levels of these biomarkers to those of 
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untreated controls (Figure 3A). Importantly, biglycan-induced calcium deposition was also 

abrogated by concurrent neutralization of TGF-β1 and BMP-2 (Figure 3B). Collectively, 

these data show that neutralizing both TGF-β1 and BMP-2 abolishes the effect of biglycan 

on AVIC pro-osteogenic reprogramming expressed as up-regulated expression of ALP, 

osteopontin and Runx2 and formation of calcium deposits.

Knockdown of Smad1 and Smad3 reduces the expression of ALP, osteopontin and Runx2 
in AVICs exposed to biglycan

TGF-β1 and BMP-2 signaling activities are evaluated by phosphorylation of Smad3/1 in 

osteoblasts and mesenchymal precursor cells [27]. We examined the effect of biglycan on 

the phosphorylation of Smad3 and Smad1. We found that biglycan induced the 

phosphorylation of both Smad3 and Smad1 (Figure 4A). To understand whether the Smad 

signaling pathways utilized by TGF-β1 and BMP-2 mediate AVIC expression of ALP, 

osteopontin and Runx2, we determined the effect of knockdown of Smad3 and Smad1 on 

the levels of ALP, osteopontin and Runx2 following stimulation with biglycan. The results 

in Figure 4B show that knockdown of either Smad3 or Smad1 reduced the levels of ALP, 

osteopontin and Runx2 following biglycan treatment. Thus, Smad signaling mediated by 

TGF-β1 and BMP-2 is required for up-regulation of expression of ALP, osteopontin and 

Runx2 by biglycan in human AVICs.

An exposure to TGF-β1 and BMP-2 results in pro-osteogenic reprogramming in AVICs

To determine whether TGF-β1 and BMP-2 induce AVIC pro-osteogenic reprogramming 

comparable to that induced by biglycan, we incubated human AVICs with BMP-2 and TGF-

β1 and analyzed protein levels of ALP, osteopontin and Runx2 at day 3, ALP enzyme 

activity at day 7 and calcium deposits at day 21. As shown in Figure 5A, the levels of ALP, 

osteopontin and Runx2, as well as ALP enzyme activity, increased following stimulation 

with either BMP-2 or TGF-β1. Prolonged stimulation with BMP-2 or TGF-β1 induced 

calcium deposition (Figure 5B). However, greater expression of ALP, osteopontin and 

Runx2, as well as greater ALP activity and calcium deposition, were observed in cells 

exposed to a combination of BMP-2 and TGF-β1. And the fold change in levels of ALP, 

osteopontin and Runx2 was greater than the sum of BMP-2 treatment alone and TGF-β1 

treatment alone. It appears that BMP-2 and TGF-β1 display a synergy in the induction of 

AVIC pro-osteogenic reprogramming.

Discussion

We recently reported that extracellular soluble biglycan interacts with TLR2 and TLR4 in 

human AVICs, and prolonged stimulation of human AVICs with biglycan induces pro-

osteogenic reprogramming, characterized as the expression of osteogenic biomarkers (ALP, 

osteopontin and Runx2) and formation of calcium deposits, which is associated with TLR2-

mediated up-regulation of BMP-2 [16]. In the present study, we found that BMP-2 has a 

partial role in mediating biglycan-induced AVIC reprogramming. In addition, we found that 

biglycan up-regulates TGF-β1 expression in human AVICs through TLR4. Both BMP-2 and 

TGF-β1 are required for AVIC reprogramming induced by biglycan. Further, BMP-2 and 
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TGF-β1 synergistically induce the expression of osteogenic biomarkers and calcium 

deposition in human AVICs.

Biglycan has been found to accumulate in calcific aortic valves and may play a role in AVIC 

calcification [14,35]. BMP-2 is involved in bone formation, as well as in vascular and heart 

valve calcification [36,37]. Our previous studies found recombinant human biglycan induces 

BMP-2 expression in human AVICs through TLR2 [16]. However, the role of BMP-2 in 

biglycan-induced pro-osteogenic reprogramming in human AVICs remains unclear. To 

verify pro-osteogenic reprogramming, we examined the expression of ALP (a biomarker of 

early osteoblastic differentiation), osteopontin (an osteogenic biomarker) and Runx2 (an 

osteogenic transcription factor). The results show that neutralization of BMP-2 reduces, but 

not abolishes, the up-regulated expression of ALP, osteopontin and Runx2 in AVICs 

exposed to biglycan. In addition, AVICs exposed to recombinant BMP-2 display moderately 

up-regulated expression of ALP, osteopontin and Runx2, and moderate calcium deposition. 

Thus, BMP-2 plays a partial role in biglycan-induced AVIC pro-osteogenic reprogramming, 

and BMP-2 alone is insufficient to induce the pro-osteogenic changes seen in cells exposed 

to biglycan. It appears that other pro-osteogenic factors are also involved in mediating AVIC 

reprogramming induced by biglycan.

Among the BMPs, BMP-2, -4, and -7 have greater pro-osteogenic activity [29] and are 

identified in aortic valves explanted from patients with CAVD [37]. TGF-β1 is also found in 

aortic valves explanted from patients with CAVD and has a potent pro-osteogenic effect on 

AVICs [37,38]. To identify additional pro-osteogenic factors induced by biglycan, we 

analyzed the levels of BMP-2, BMP-4, BMP-7 and TGF-β1 in the culture medium of cells 

exposed to biglycan. Interestingly, we observed that biglycan increases the levels of BMP-2 

and TGF-β1, but has no effect on the levels of BMP-4 and BMP-7. The increase in 

extracellular levels of TGF-β1 appears to be a result of up-regulated expression of this pro-

osteogenic factor since biglycan increased cellular levels of TGF-β1 protein. Such changes 

in extracellular and cell-associated levels of TGF-β1 are similar to those for BMP-2 as 

increased cellular levels of BMP-2 are observed in AVICs exposed to biglycan [16].

Chronic inflammation and calcification are important pathological changes associated with 

the progression of CAVD [1,2,4]. A number of studies, including ours, demonstrate that pro-

inflammatory stimuli induce the expression of pro-osteogenic mediators in human AVICs 

[5–9]. The current consensus is that an inflammatory milieu in aortic valves affected by the 

disease promotes a shift of valvular cells towards a pro-osteogenic phenotype, exacerbating 

mineral deposition. However, it is unclear what pro-inflammatory factors are responsible 

and how a pro-inflammatory signaling modulates AVIC osteogenic response. TLRs 

recognize danger-associated molecular patterns (DAMPs) and invoke a pro-inflammatory 

response in cells [39]. Interestingly, previous studies found that stimulation of TLR2 or 

TLR4 in human AVICs induces up-regulation of pro-osteogenic mediators [5,6,30]. Several 

endogenous agents, including heat shock proteins and soluble biglycan, could activate TLR 

signaling, and are termed DAMPs [39,40]. Among the DAMPs, biglycan is particularly 

interesting since it is over-expressed in sclerotic and calcified aortic valve leaflets [14,17]. It 

is likely that soluble biglycan accumulates in diseased aortic valve tissue and promotes 

CAVD progression. In this regard, recent studies found that biglycan induces the expression 
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of phospholipid transfer protein and BMP-2 in human AVICs through TLR2 [14,16]. 

Furthermore, biglycan is capable of inducing human AVIC calcification in vitro [16]. Our 

recent study found that biglycan is co-immmunoprecipitated with TLR2 and TLR4 in human 

AVICs incubated with biglycan [16]. It is possible that TLR2 and/or TLR4 play a role in 

mediating biglycan-induced TGF-β1 expression in human AVICs. Our results show that 

neutralization of TLR4 results in a greater reduction in TGF-β1 levels in cells exposed to 

biglycan while neutralization of TLR2 has a minimal effect. Taken together, these results 

and our previous findings demonstrate that in human AVICs, biglycan induces the 

expression of BMP-2 and TGF-β1 through TLR2 and TLR4, respectively. These findings 

support our notion that these two innate immunoreceptors regulate osteogenic responses in 

human AVICs [5,16,30,41].

A partial role of BMP-2 in biglycan-induced AVIC pro-osteogenic reprogramming and the 

up-regulation of TGF-β1 expression by biglycan indicate that TGF-β1 may play a role in the 

mechanism underlying AVIC reprogramming induced by biglycan. Indeed, neutralization of 

TGF-β1 alone reduces the expression of ALP, osteopontin and Runx2, and the formation of 

calcium deposits. In contrast, neutralization of both TGF-β1 and BMP-2 abolishes the effect 

of biglycan on the expression of osteogenic biomarkers and the formation of calcium 

deposits. Thus, TGF-β1 also plays a role in mediating biglycan-induced pro-osteogenic 

reprogramming in human AVICs. It appears that TGF-β1 and BMP-2 are in concert to 

mediate the effect of biglycan. Further evidence is obtained from the experiments using 

recombinant TGF-β1 and BMP-2. While TGF-β1 and BMP-2 each up-regulates protein 

levels of ALP, osteopontin and Runx2, as well as ALP enzyme activity and calcium 

deposition, greater changes in these osteogenic biomarkers are induced by a combination of 

TGF-β1 and BMP-2. Although a low level of TGF-β1 is applied in the present study, the 

calcification change caused by BMP-2 plus TGF-β1 is much greater than the sum of BMP-2 

alone and TGF-β1 alone. Therefore, the results show that a combination of BMP-2 and 

TGF-β1 is sufficient to induce the osteogenic changes seen in cells exposed to biglycan. The 

effect of TGF-β1 and BMP-2 on AVIC pro-osteogenic reprogramming is not simply 

additive. It seems that these two pro-osteogenic factors act synergistically. Concurrent up-

regulation of TGF-β1 and BMP-2 is critical for the induction of AVIC pro-osteogenic 

reprogramming by biglycan. Other studies show that BMPR-IB formation promoted by 

TGF-β1 enhances BMP-2-induced osteogenic functions in bone marrow stromal cells in 

vitro [42]. It remains unclear from the present study how TGF-β1 and BMP-2 interact in the 

induction of AVIC reprogramming. Further studies are needed to address the underlying 

mechanism.

Signaling transduction for TGF-β1 and BMP-2 in osteoblasts is primarily mediated by the 

Smad-dependent pathways, including Smad2/3 for TGF-β1 and Smad1/5/8 for BMP-2 [27]. 

Phosphorylation of Smad3/1 serves as markers of TGF-β1 and BMP-2 signaling activities 

[27]. Our results show that biglycan-induced AVIC reprogramming is accompanied by the 

phosphorylation of both Smad3 and Smad1. Knockdown of either Smad3 or Smad1 reduces 

protein levels of ALP, osteopontin and Runx2 in AVICs exposed to biglycan. Our results 

demonstrate that TGF-β1 and BMP-2 activities are required for biglycan-induced pro-

osteogenic reprogramming in human AVICs and indicate that the classical signaling 

pathways utilized by these two pro-osteogenic factors mediate the effect of biglycan.
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Previous studies have found an interaction of biglycan and TLRs with pro-osteogenic 

mediators. In this regard, the work by Ye and colleagues demonstrate that 

glycosaminoglycan chains of biglycan promote osteoblast differentiation induced by BMP-4 

[43]. In addition, Seki and colleagues reported that activation of TLR4 enhances TGF-β 

signaling in hepatic stellate cells and exaggerates hepatic fibrosis [44]. These studies 

indicate that endogenous agents and innate immunereceptors modulate cellular osteogenic 

responses. As biglycan accumulation is associated with CAVD, and soluble biglycan can 

function as DAMP, it is likely that biglycan plays a role in TLR-mediated pro-osteogenic 

reprogramming of AVICs. Our findings in human AVICs demonstrate that biglycan up-

regulates the expression of BMP-2 and TGF-β1 via TLR2/4. Both BMP-2 and TGF-β1 are 

required for the induction of pro-osteogenic reprogramming by biglycan in human AVICs, 

and the classical Smad signaling pathways play an important role in mediating the pro-

osteogenic effects of biglycan. These novel findings support the notion that endogenous 

molecules, by functioning as DAMPs, may promote aortic valve calcification and CAVD 

progression via induction of AVIC pro-osteogenic reprogramming.

Conclusions

Biglycan is capable of up-regulating the expression of BMP-2 and TGF-β1 in human AVICs 

through innate immunoreceptors. Concurrent up-regulation of BMP-2 and TGF-β1 mediates 

biglycan-induced AVIC pro-osteogenic reprogramming, and these two pro-osteogenic 

factors utilize the classical Smad signaling pathways to exert their effects on human AVICs.

Limitations

One of the limitations of this study is its relatively small sample size (6 AVIC isolates from 

normal aortic valves). To check the reproducibility of the observations, all experiments were 

repeated using cells from 4 different donors. In addition, the concentrations of recombinant 

BMP-2 and TGF-β1 applied may be quite different from their concentrations in the micro-

environments surrounding AVICs in valvular tissue. The results obtained merely show that 

these two factors are capable of inducing the pro-osteogenic reprogramming in human 

AVICs.
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• Biglycan up-regulates BMP-2 and TGF-β1 in human aortic valve cells through 

TLRs.

• Both BMP-2 and TGF-β1 are required for aortic valve cell pro-osteogenic 

reprogramming.

• Smad signaling pathways are involved in mediating the pro-osteogenic effects 

of biglycan.
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Figure 1. Neutralization of BMP-2 diminishes biglycan-induced expression of ALP, osteopontin 
and Runx2
Human AVICs were treated with biglycan (BGN, 0.10 μg/ml) for 3 days in the presence of a 

neutralizing antibody (Ab) against BMP-2 or non-immune IgG. Neutralization of BMP-2 

reduces protein levels of ALP, osteopontin and Runx2 in cells treated with biglycan. n=4 

isolates from different donors; *P<0.05 vs. untreated control; #P<0.05 vs. BGN alone; 

†P<0.05 vs. BGN+non-immune IgG.
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Figure 2. Biglycan up-regulates TGF-β1 expression and secretion
Human AVICs were treated with biglycan (BGN; 0.05, 0.10 and 0.20 μg/ml) for 24 h to 48h. 

A. At 48 h, levels of TGF-β1 and BMP-2, but not BMP-4 and BMP-7 are markedly 

increased in culture medium. B. A representative immunoblot shows that cellular TGF-β1 

protein levels are elevated at 24 h and 48 h. C. A representative immunoblot and 

densitometric data show that neutralization of TLR4 markedly reduces TGF-β1 protein 

levels following biglycan treatment (BGN, 0.10 μg/ml) for 48 h, while neutralization of 

TLR2 had a minor effect. n=4 isolates from different donors; *P<0.05, vs. untreated control; 

#P<0.05 vs. BGN alone; † P<0.05 vs. BGN + non-immune IgG; Ab =neutralizing antibody.
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Figure 3. Neutralization of both BMP-2 and TGF-β1 abolishes the effect of biglycan on AVIC 
pro-osteogenic reprogramming
Cells were treated with biglycan (BGN, 0.10 μg/ml) for 3 or 21 days in the presence of 

neutralizing antibodies (Ab) against BMP-2 and TGF-β1. A. Representative immunoblots 

and densitometric data show that neutralization of both BMP-2 and TGF-β1 normalizes 

ALP, osteopontin and Runx2 protein levels examined at 3 days. B. Representative images of 

Alizarin Red staining (scale bar = 200 μm) and spectrophotometric data show that 

neutralization of both BMP-2 and TGF-β1 abolishes the formation of calcium deposits at 21 

days. n=4 isolates in each group; *P<0.05 vs. untreated control; #P<0.05 vs. BGN alone; 

†P<0.05 vs. BGN+non-immune IgG; MIgG=mouse IgG.
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Figure 4. Smad1 and Smad3 are required for biglycan-induced the expression of ALP, 
osteopontin and Runx2
A. Cells were stimulated with biglycan (BGN, 0.10 μg/mL) for 24 to 72 h. Representative 

immunoblots shows biglycan induces the phosphorylation of Smad1 and Smad3. B. 
Representative immunoblots and densitometric data show that knockdown of either Smad1 

or Smad3 reduced the expression of ALP, osteopontin and Runx2 following treatment with 

biglycan. n=4 isolates in each group; *P<0.05 vs. untreated control; #P<0.05 vs. BGN 

alone; ‡P<0.05 vs. BGN+scrambled siRNA.
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Figure 5. Treatment with BMP-2 plus TGF-β1 induces pro-osteogenic reprogramming
Cells ware treated with BMP-2 (0.100 μg/ml), TGF-β1 (0.005 μg/ml) or both of these two 

factors for 3 to 21 days. A. Cellular levels of ALP, osteopontin and Runx2 examined at 3 

days and ALP activity stain (scale bar = 50 μm) examined at 7 days were up-regulated, 

particularly in cells exposed to BMP-2+TGF-β1 (Arrow = moderate activity and arrow head 

= high activity). B. Representative images of Alizarin Red staining (scale bar = 200 μm) and 

spectrophotometric data show that calcium deposits were present in cells treated with 
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BMP-2 or TGF-β1, especially in those treated with BMP-2+TGF-β1 for 21 days. n=4 

isolates; *P<0.05 vs. untreated control; #P<0.05 vs. BMP-2 alone or TGF-β1 alone.
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