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Abstract

Aortic valve disease (AVD) is one of the leading causes of cardiovascular mortality. Abnormal
expression of hyaluronan (HA) and its synthesizing/degrading enzymes have been observed during
latent AVD however, the mechanism of impaired hyaluronan homeostasis prior to and after the
onset of AVD remains unexplored. Transforming growth factor beta (TGF) pathway defects
and biomechanical dysfunction are hallmarks of AVD, however their association with altered
hyaluronan regulation is understudied. Expression of HA homeostatic markers was evaluated in
diseased human aortic valves and TGFp1-cultured porcine aortic valve tissues using histology,
immunohistochemistry and western blotting. Further, porcine valve interstitial cell cultures were
stretched (using Flexcell) and simultaneously treated with exogenous TGFB1 + inhibitors for
activated Smad2/3 (SB431542) and ERK1/2 (U0126) pathways, and differential HA regulation
was assessed using qRT-PCR. Pathological heavy chain HA together with abnormal regional
expression of the enzymes HAS2, HYAL1, KIAA1199, TSG6 and lal was demonstrated in
calcified valve tissues identifying the collapse of HA homeostatic machinery during human
AVD. Heightened TSG6 activity likely preceded the end-stage of disease, with the existence

of a transitional, pre-calcific phase characterized by HA dysregulation. TGFB1 elicited a fibrotic
remodeling response in porcine aortic valves similar to human disease pathology, with increased
collagen and HYAL to HAS ratio, and site-specific abnormalities in the expression of CD44 and
RHAMM receptors. Further in these porcine valves, expression of HAS2 and HYAL1 was found
to be differentially regulated by the Smad2/3 and ERK1/2 pathways, and CD44 expression was
highly responsive to biomechanical strain. Leveraging the regulatory pathways that control both
HA maintenance in normal valves and early postnatal dysregulation of HA homeostasis may
identify new mechanistic insight into AVD pathogenesis.
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1. Introduction

Surgical intervention for aortic valve disease (AVD) is the second most common
cardiothoracic procedure in the US. Over 100,000 valve surgical procedures are performed
each year in the US, and AVD results in more than 25,000 deaths annually [1-4]. Aging

is a significant clinical risk factor, and calcific AVD is the most common type of AVD
occurring in 2% of the aged population [5-7]. Structurally, the aortic valve consists of
three leaflets, each composed of three layers of organized extracellular matrix (ECM)

with collagen in the fibrosa layer (outflow side), elastic fibers in the ventricularis layer
(inflow side), and proteoglycans and glycosaminoglycans (GAGS) separating these in the
intermediate spongiosa layer [8]. Valve ECM is primarily synthesized by valve interstitial
cells (VICs), the predominant, mechanosensitive cells. The GAG hyaluronan (HA) is

an abundant valve ECM component that maintains tissue hydration and flexibility, and
impacts tissue viscoelasticity. Studies have shown that HA plays diverse biological roles in
ECM assembly, cell proliferation and migration, and tissue development [9]. However, the
molecular roles of HA in aortic valves are understudied.

HA is regulated through a homeostatic balance between enzymes that produce HA (HA
synthases; HAS), enzymes that degrade HA (hyaluronidases; HYAL), and receptors that
bind HA for retention and/or signaling, such as CD44 and RHAMM (the receptor for HA
mediated motility) [10]. Any alterations in HA maintenance during disease is potentially
indicative of coordinated pathogenesis involving these molecules. Most human valve HA
studies have focused on mitral valve prolapse in which HA and proteoglycan accumulation
leads to myxomatous change and valve dysfunction [11, 12]. However, calcific AVD results
in a fibrotic aortic valve phenotype with increased collagen expression and associated GAG
reduction at advanced age, and since aortic valves demonstrate tissue collagen deposition
even with normal aging [13], analysis of collagen usually takes precedence over GAGS in
AVD studies. As a result, GAG expression during AVD is largely underappreciated [14].
Previous studies from our group and others have shown abnormal expression of HA and

its homeostatic markers in calcified aortic valve tissues [15-17], however the mechanistic
regulation of HA homeostasis in aortic valves at early postnatal or diseased/end stages is
poorly understood.

Development of novel therapies for AVD requires improved understanding of molecular
pathways, such as transforming growth factor beta (TGFp) signaling, in regulating valve
ECM composition prior to disease. The TGFp cytokine signaling pathways regulate valve
cell phenotype and ECM remodeling through their ligands TGFp1/2/3 via the activation

of Smad2/3 by the TGFp receptor complex (canonical pathway) [18]. The importance of
other (non-canonical) pathways including the activation of mitogen-activated protein kinase
(MAPK) cascades, notably the phosphorylation of ERK1/2 to pERK1/2 by TGF in valves,
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has only been recently established [19, 20]. Diseased aortic valves demonstrate increased
VIC activation, as well as increased expression of TGFf and its pathway activation factors
such as pSmad2/3 and pERK1/2 [21-24]. Further, TGFP promotes VIC proliferation and
activation and is known to regulate GAG fine structure as well as HA synthesis in cultured
VICs [23, 25-27]. Therefore these molecular pathways may play a significant role in both
pre-calcific and late-stage calcified valves.

AVD manifests as stenosis and/or regurgitation and causes hemodynamic perturbations

that often affect VIC phenotype initiating a maladaptive ECM remodeling response and
resulting in a progressive disease process. Biomechanical studies on cultured VICs have
shown that both calcific and myxomatous changes in valves are strain dependent. In
particular, mechanical strain together with TGFp enhances the activation, remodeling, and
calcification potential of cultured VICs [28, 29]. HA secretion by VICs is mechanosensitive
[30-32]; however, the mechanical regulation of its homeostatic factors is unclear. Along
with biomechanics, aging provides an environmental factor that amplifies the early genetic
predisposition associated with aortic valve malformation, resulting in AVD later in life
[5-7]. Significant age-induced alterations in GAG content and biomechanical properties
have been identified in aortic valves from humans and other animals [33, 34]. Therefore,
simultaneous investigation of HA homeostasis, TGF, biomechanics, and aging is important
to understand their mechanistic interactions during AVD and to elucidate structure-function
relationships in native as well as diseased valves.

Overall, the goal of this study was to combine molecular and biomechanical approaches

to determine the differential effects of Smad2/3 and ERK1/2 pathways on markers of

HA homeostasis (regulatory enzymes / receptors) particularly in presence of biomechanical
stretch, in the framework of postnatal AVD. We tested the hypothesis that Smad2/3 and
ERKZ1/2 pathway inhibitors rescue the defective regulation of HA homeostatic regulators
in VICs exposed to TGFB1 and biomechanical strain, and that the rescue effect of

these inhibitors is additive. We show that TGFp caused fibrotic remodeling and regional
abnormalities in the expression patterns of HA homeostatic regulators in porcine aortic
valves, similar to diseased human valves. Further, the Smad2/3 and ERK1/2 pathways
differentially regulated HA enzymes and there is an imbalance of HAS to HYAL ratio

in valves exposed to TGFB1 and biomechanical stretch. These results advance our
understanding of HA homeostasis in AVD pathogenesis and may provide insight for future
mechanistic studies.

2. Methods

2.1. Human Tissue Acquisition

Human hearts with normal (young and aged) and sclerotic (aged) aortic valves were
obtained from donors through the National Disease Research Interchange program. The
donors were under the age 20 (N=4) or over the age 50 (N=7; 4 normal, 3 scleraotic),

for the young and aged stages respectively. They demonstrated normal cardiac structure
and function, and died of non-cardiac causes with a warm ischemia time of less than 6
hrs. As revealed by patient autopsy information reports, healthy donors with normal aortic
valves possessed none of the clinical risk factors for AVD such as diabetes, hypertension,
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hyperlipidemia, or heavy smoking, whereas the donors with sclerotic aortic valves exhibited
at least two of these factors (Supplemental Table 1). Presence of scleratic lesions and mild
mineralization in these valves was visually confirmed by three independent investigators.
Overtly calcified aortic valve tissues from patients over the age 50 (N=4) were procured
during valve replacement surgeries at the Houston Methodist Hospital (Houston, TX) and
decalcified [15, 16]. The valve leaflets from normal young, normal aged, sclerotic aged, and
calcified aged patients were processed for histology. All tissue handling protocols have been
approved by Rice University Institutional Review Board.

2.2. Porcine Whole Valve Leaflet Culture

Whole aortic valve leaflets were dissected from young (1-3 month old, N=6), adult (6-9
month old, N=24) and aged (>2 years old, N=6) pig hearts obtained from a local commercial
abattoir (Animal Technologies, Tyler, TX). All the young and aged leaflets, and some of the
adult leaflets (6/24) were directly processed for histology as fresh tissues. The remaining 18
adult leaflets were secured in 6-well plates for static leaflet cultures (Sapp et al., in Review).
Briefly, 6-well plates were coated with polydimethylsiloxane (PDMS, to discourage cell
attachment) and heated for 12 hrs at 80°C to cure the polymer. A 12 mm insect pin was
inserted through the center of each valve leaflet and secured in the PDMS layer. Each well
was filled with 8 mL of cell culture media (10% bovine growth serum (BGS) in Dulbecco’s
modified Eagle medium (DMEM, Hyclone, Logan, UT) with 5 mmol/L glucose and 1%
antibiotics) to ensure the leaflets were completely submerged. Leaflets were cultured for 2
weeks in a 37°C incubator with 5% CO», and media was changed every 4 days. Cultures
were split into 3 groups that included 2 ng/mL TGFB1 (PeproTech, ON, Canada), 10 mM
beta-glycerophosphate (BGP; Sigma-Aldrich, St. Louis, MO), or a no treatment culture
control (6 per each treatment). After 2 weeks of culture, the leaflets were processed for
histology. A heavily calcified aortic valve obtained randomly during one of the porcine valve
harvests was also saved and processed for histology as a disease (positive) control.

2.3. Histology and Immunohistochemistry (IHC)

To evaluate regional ECM composition and organization, histochemistry was performed
on 5 pm tissue sections using Movat’s modified pentachrome stain, which colors elastic
fibers black, collagen fibers yellow, proteoglycans and GAGs blue, muscle red, and

cell nuclei purple. Von Kossa histological stain was used to visualize valve tissue
mineralization/calcification [35]. Antibodies directed against hyaluronan-binding protein
(HABP, 1:100, Millipore), lal (Inter-alpha-Inhibitor, 1:100, Dako), HAS2 (Abcam,
1:150), HYAL1 (Abcam, 1:200), KIAA1199 (Abcam, 1:200), CD44 (Calbiochem, 1:200),
RHAMM (Receptor for HA Mediated Motility, Novus Biologicals, 1:100), TSG6 (Tumor
Necrosis Factor-Inducible Gene 6 Protein, Santa Cruz Biotechnology, 1:200) and pERK1/2
(Cell Signaling Technology, 1:50) were used to determine protein expression and
localization using standard or double immunofluorescence (HABP/lall), or streptavidin/
biotin colorimetry and diaminobenzidine (DAB) detection (all others) [36, 37]. Apoptosis
in cell cultures was examined using the TACS® 2 TdT-DAB /n Situ Apoptosis Detection
Kit (Trevigen, Gaithersburg, MD) according to the manufacturer’s specifications. Antigen
retrieval was performed using heat-mediated citrate buffer or Proteinase K. Imaging was
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done by confocal (Figs. 4 and 7) and bright-field microscopy (Figs. 1-3 and 7; Supplemental
Figs. 1-3 and 5).

2.4. Analysis of Staining

ImageJ (NIH, Bethesda, MD) was used to quantitatively analyze IHC and Movat
pentachrome stains, as recently described [38]. The ImageJ color thresholding function
was used to analyze percent area coverage of markers that stained ECM alone or both cells
and ECM in whole leaflet sections. All sections were thresholded to a brightness value
that excluded slide background while including all of the tissue area. The Movat sections
were thresholded according to a range of hues corresponding to the ECM stain colors. For
DAB IHC of cells and ECM, tissue sections were thresholded to hues corresponding to the
brown DAB color and the blue counterstain, hematoxylin. IHC that stained cells and ECM
concurrently was quantified as percent area coverage of the stain over the total area of the
tissue. For IHC that stained only cells, the ImageJ analyze particles function was used to
quantify the percentage of cells stained with a cell-specific marker vs. the total number of
cells in the whole leaflet section (Sapp et al., in Review).

2.5. Mechanical and TGFp1/Inhibitor Stimulation of Cultured VICs

VICs were isolated from aortic valves from young and aged porcine hearts (n=6-9 per stage)
using collagenase digests according to previous published methods [39], and cultured in
Flexcell culture plates (with dimensions of a standard 6-well plate; Flexcell International,
Hillsborough, NC) containing DMEM (5 mmol/L glucose), Ham’s F12 (Hyclone, Logan,
UT), 10% BGS, and 1% antibiotic under sterile conditions. Media was changed every

2 days. Once confluent, the VIC cultures were serum-deprived by incubation in DMEM

(5 mmol/L glucose) with 0.1% BGS for 24 hrs. Cells were then subjected to 8 different
treatment conditions: no treatment (control), TGFB1 only (2 ng/mL), SB431542 only
(Smad2/3 pathway inhibitor, 3 uM), U0126 only (ERK1/2 pathway inhibitor, 5 uM), TGFp1
+ SB431542, TGFB1 + U0126, SB431542 + U0126, and TGFP1 + SB431542 + U0126.
The optimal culture concentrations of TGFB1 and the inhibitors were derived from previous
studies from our group and others [20, 23]. These treatments were added to the low-serum
media, and the culture plates were then loaded within base plates attached to a Flexcell
system in a 37°C incubator. The cells were subjected to uniaxial cyclic stretch at 5% strain
magnitude with 1 Hz frequency for 24 hrs [19, 28]. In total, 6 Flexcell runs were performed,
each consisting of 4 plates (i.e., 24 wells) for 8 treatments (i.e., 3 wells per treatment per
run). Static controls, i.e., VICs cultured on Flexcell plates with no applied stretch, were also
included for all the treatments.

2.6. Molecular and Biochemical Analysis of Cultured VICs and the Conditioned Media

After cell culture, the conditioned media from different treatments was saved, and

RNA from the VICs was extracted using Trizol (Invitrogen, Carlsbad, CA) according

to manufacturer’s instructions. The mRNA was reverse transcribed into cDNA using
Primescript 1st Strand cDNA Synthesis Kit (Takara Bio, Otsu, Japan). Quantitative RT-
PCR (gRT-PCR) was performed on the cDNA using 2X QuantiTect SYBR Green PCR
Master Mix (Clontech, Mountain View, CA) with a Realplex Mastercycler (Eppendorf,
Hamburg, Germany) to measure differences in gene expression levels for HA homeostatic
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regulators (HAS1, HAS2, HAS3, HYAL1, HYAL2, CD44) and VIC activation (aSMA)
between the different treatments (TGFp1/inhibitors/strain) [38]. This was performed in
triplicate for each treatment. The gene expression corresponding to each treatment was
normalized to expression levels for “no treatment, static” following the mathematical model
for relative gRT-PCR [40], with GAPDH being the housekeeping gene. All DNA primers
were purchased from Integrated DNA Technologies (Coralville, 1A).

Secreted GAGs and collagens in the conditioned media were quantified using Blyscan
and Sircol assays (Biocolor, Carrickfergus, UK) respectively [41]. Colorimetric data was
analyzed using a Spectramax M2 (Molecular Devices, Sunnyvale, CA) and compared to
standard curves prepared using known quantities of rat-tail collagen or glucuronic acid for
the Sircol or Blyscan assay respectively.

2.7. Analysis of HA Heavy Chain Modification and TSG6 Activity in Calcified Human

Valves

Hyaluronidase extraction of heavy chains (HCs) from the pathological HC-HA complexes
was performed using Western blot analysis as previously described [37]. Briefly, a 50 pL
minced calcified valve tissue suspension was prepared in PBS and 10 uL of Streptomyces
hyaluronidase (0.5 turbidity unit/ml; Seikagaku, East Falmouth, MA) was added. The
mixture was centrifuged at 13,000 x g at 4°C for 5 min, and the supernatant was incubated
for 30 min at 37°C. Subsequently, 25 uL of this digest was added per lane on 4-15% Mini-
PROTEAN TGX gels (Bio-Rad, Hercules, CA) and blotted using the Bio-Rad nitrocellulose
and Trans-Blot Turbo System. The blots were blocked with Li-Cor blocking buffer (Li-Cor,
Lincoln, NE), and then probed with an antibody against Ial (1:8000, Dako North America,
Carpinteria, CA). The final blots were imaged on an Odyssey Infrared Imaging System
(Li-Cor).

Activation of the enzyme TSG6 is responsible for the formation of HC-HA complexes,
and for the measurement of endogenous TSG6 activity in calcified valves, 2 uL of human
serum was added to 50 pL of the tissue extract to provide a HC donor (i.e., lal). 2 pL of
an HA oligosaccharide (HA14, 1 mg/mL; Hyalose LLC, Oklahoma City, OK) and 3 uL of
PBS were then added to 50 pL of the tissue extract and incubated at 37°C for 2 hrs [42].
For positive control, 2 pL of recombinant TSG6 (R&D Systems, Minneapolis, MN) was
included. The mixture was centrifuged at 13,000 x g for 5 min at 4°C, and the supernatant
was used for Western blot analysis.

2.8. Statistical Analysis

The statistical analyses for Movat Pentachrome and DAB immunostaining were performed
using an ANOVA with a post-hoc Tukey’s test to analyze differences due to treatment
(fresh, culture control, TGFB1, BGP) and age (young, adult, aged) on cultured tissues.

For gRT-PCR and Blyscan/Sircol data analysis, ANOVA and post hoc Bonferroni multiple
comparison tests were used to determine the effect of treatment (TGFp1 + SB431542 +
U0126) and age (young, aged) on gene/protein expression in cultured cells. All analysis was
performed using R studio software (version 0.98.953). All variables were expressed as mean
+ standard deviation, and results were considered significant at p<0.05.
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3. Results

3.1. Regional Misexpression of HA Homeostatic Markers in Diseased Human Aortic

Valves

In young human aortic valves, HAS2 expression was primarily restricted to VICs (i.e.,

not expressed in the ECM) and was present in all three layers of the valve, whereas

its expression significantly increased and expanded to the ECM in older valves where

it was mostly present in the spongiosa and ventricularis layers (Fig 1A1, A2). HYAL1

was localized to the spongiosa layer of both normal young and aged valves, and was

not significantly different between the two ages. While young valves showed HYAL1
confinement to a narrow, concentrated region, older valves demonstrated a wider and more
diffuse HYAL1 expression pattern (Fig 1B1, B2). Sclerotic aged and calcified aged aortic
valves demonstrated a reduction in HAS2 expression compared to normal aged valves,
largely due to shrinkage of the GAG-rich spongiosa layer and associated enlargement of
the collagen-rich fibrosa layer (Fig 1A3, A4; Supplemental Fig 1). HYAL1 presence was
consistently observed in sclerotic as well as calcified valves (Fig 1B3, B4), however their
expression was not significantly different from normal valves. Interestingly, there was HAS2
and HYAL1 overexpression in focal regions of the fibrosa layer in both sclerotic and
calcified valves (arrowheads, Fig 1A3, A4, B3, B4).

KIAA1199 is a largely understudied HA depolymerization enzyme, and recent studies have
shown its expression in cultured porcine VICs [43, 44]. In human aortic valve tissues,
KIAA1199 increased with age, was mostly expressed in the cells at the young stage and in
the ECM at advanced age (Fig 1C1, C2). Calcified aortic valves demonstrated heightened
KIAA1199 expression as well, especially around the calcific nodules in the fibrosa layer
(Fig 1C4).

CD44 and RHAMM receptors were ubiquitous in young aortic valves. Whereas CD44
expression diminished with age, RHAMM was unchanged (arrows, Fig 1D1, D2, E1, E2).
TSG6, a HA-binding protein, was predominantly expressed in the cells and ECM of the
valve spongiosa layer in young valves, and was downregulated in older valves (Fig 1F1,
F2). However, calcified aortic valves exhibited marked upregulation of CD44 and RHAMM,
and focal expression of TSG6, notably in the periphery of the calcific nodules (arrowheads,
Fig 1D4, E4, F4). Taken together, these findings suggest dysregulation of enzymes that
synthesize and degrade HA, combined with defective HA receptor expression, resulting in
abnormal HA homeostasis during human AVD.

3.2. Aberrant Regulation of HA Homeostasis due to TGFp in Porcine Aortic Valve Tissue

It is well established that porcine aortic valves are the most representative animals for
human valve studies and exogenous TGFp1-based /i vitro porcine valve cultures are
commonly used models for AVD research [19, 29, 45, 46], therefore we sought to examine
the expression of HA homeostatic markers in normal and TGFp1-treated porcine aortic
valve tissues. Both HAS2 and HYALL1 expression in normal porcine valves was limited

to spongiosa VICs at young stages, but similar to human valves, they showed overall
expansion, and significantly enhanced expression in both VICs and the ECM in all layers
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of the valve at the aged stage (Fig 2A, B). When cultured in TGFB1, porcine aortic

valves exhibited fibrotic remodeling with significant reduction in GAG to collagen ratio
compared to the fresh and culture controls (Fig 3A), consistent with previous findings [29].
Further, these TGFB1-cultured valves demonstrated significantly increased HAS2 expression
(~45% area coverage, p<0.05) and HYAL1 expression (>80% area coverage, p<0.001) when
compared with controls (Fig 3C, D).

Unlike human valves, normal porcine aortic valves showed only cellular expression, and
hardly any ECM-located expression, of KIAA1199 at the young stage and, surprisingly, very
low expression overall at the adult and aged stages (Fig 2C). However, aortic valves cultured
in TGFB1 showed significantly increased cell-specific KIAA1199 expression compared to
fresh and culture controls (Fig 3D). CD44 and TSG6 expression was significantly reduced
with age, as observed with human valves, and cellular RHAMM expression was widespread
in young and old valves. All these proteins were largely present in the spongiosa layer

(Fig 2D-F). TGFB1 caused a significant upregulation of both CD44 and RHAMM receptors
compared to fresh controls (Fig 3E, F); in particular, RHAMM was focally expressed in

the subendothelial aspect of the fibrosa layer in TGFp1-cultured valves (arrows, Fig 3F3).
TSG6 was not significantly different between TGFB1-cultured valves and the fresh controls
(Fig 3G). Further, pERK1/2 showed a marked reduction in expression over time, suggesting
the decline of non-canonical TGFp activity following tissue maturation (Fig 2G). Overall,
dysregulation of HA homeostasis is induced by TGFp abnormalities during AVD.

In addition to TGFP1, studies have shown that BGP is an established inducer of valve
calcification /n vitro [35], and therefore we sought to examine its exogenous regulation of
HA homeostatic markers in porcine aortic valves. Valves cultured in BGP demonstrated
fibrotic remodeling similar to TGFB1-cultured valves, and its detailed findings and
interpretations have been included in Supplemental results and a figure (Supplemental

Fig 2). A porcine calcified aortic valve identified during one of the random harvests and
included as a positive (disease) control showed extensive calcification as revealed by the Von
Kossa stain (Supplemental Fig 3C). While there was modest HAS2 and HYALL1 distribution
in this valve throughout, KIAA1199 showed heightened expression in the vicinity of calcific
nodules. CD44, pERK1/2 and TSG6 were highly expressed in the perinodular regions,
whereas RHAMM was mostly observed near outer edges of the valve away from the nodules
(Supplemental Fig 3D-J).

3.3. Differential Regulation of Markers of HA and ECM Homeostasis by Canonical and
Non-canonical TGFB Pathways

Our Flexcell studies on aortic VICs cultured with TGFB1 and/or its canonical and non-
canonical inhibitors showed that HAS?2 (in young VICs) and HYAL1 gene expression

(in aged VICs) increased in the presence of TGFB1 (Fig 4A, B). HYALL expression

was significantly higher in older VICs compared to young VICs with or without TGFB1.
Interestingly at 5% strain, HYAL1 was upregulated even in young VICs exposed to TGFB1.
HAS2 expression was significantly reduced in older VICs in presence of both TGFB1 and
cyclic strain; however, HYAL1 expression was quite high under these conditions indicating
an alteration in HAS to HYAL ratio. Even in the absence of any biomechanical stimulation,
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there was an aging-induced increase in expression of both HAS2 and HYAL1 and this
confirmed our organ culture bioreactor findings (Fig 2A, B). In presence of TGFp pathway
inhibitors SB431542, U0126, or both, HAS2 (p<0.001 for SB431, p<0.05 for U0126 and
p<0.0001 for both) was significantly downregulated at both young and old ages, and HYAL1
(0<0.05 for either, both) was downregulated at old age alone, compared to the no treatment
control. However, HYAL1 expression was higher at the aged than at the young stage in VICs
exposed to the inhibitors. When the inhibitors were added along with TGFp1, SB431542
recovered HAS2 to control levels at both young and aged stages while U0126 recovered
HAS2 levels only in young VICs. In contrast, SB431 had negligible effects on HYAL1
expression whereas U0126 completely recovered HYALL to control levels in both young and
aged VICs, suggesting differential pathway mediation of HAS and HYAL turnover in VICs.
HAS1 and HAS3 expression levels were modest in all treatment and strain conditions (data
not shown), whereas HYAL2 did not show any significant difference between the groups
(Fig 4C).

CD44 gene expression was downregulated with age (consistent with findings in Fig 2)
under no strain conditions (Fig 4D). However, 5% strain significantly upregulated CD44
expression at advanced age and this effect was aggravated in TGFp1-treated VICs. Neither
SB431 nor U0126 had any effect on CD44 expression, however their combined treatment
dramatically lowered CD44 expression. When the inhibitors were added along with TGFp1,
SB431 was more effective than U0126 in recovering CD44 levels, especially in older VICs.
aSMA gene expression was consistently higher in older VICs compared to young VICs, and
TGFB1 worsened the activated phenotype overall [26] (Fig 5A). Neither inhibitor rescued
the cell phenotype. Interestingly, young VICs cultured under static conditions demonstrated
very low aSMA through all treatments, which may be attributed to lack of stiffness of the
Flexcell membrane [47]. TUNEL, an apoptosis assay, confirmed no large scale cell death in
VIC Flexcell cultures, both with and without the inhibitor treatments for up to 48 hrs (Fig
5B).

ECM homeostasis was examined by estimating GAG and collagen levels in the conditioned
media of these cultured porcine VICs. In young VICs, TGFp1 elevated GAG synthesis in
both static and 5% strain cultures, while reducing collagen synthesis in static and increasing
its synthesis at 5% strain (Fig 6, Supplemental Fig 5). In aged VICs, both GAGs and
collagen increased with TGFP1 addition, in static as well as 5% strain conditions. Both

the inhibitors independently rescued collagen as well as GAG levels in presence of TGFB1
in young VICs, and their effects were additive. However in aged VICs in presence of
TGFpB1, only SB431 and the combined inhibitor treatment recovered GAGs to control levels
whereas collagen recovery was possible with either or both the inhibitors [46]. Overall, our
gene expression studies revealed a disproportionate HAS to HYAL expression ratio, and
other HA and ECM homeostatic abnormalities due to TGFB1 and aging; these HA-specific
findings were consistent with porcine and human tissue pathology (Sections 3.1, 3.2).
Further, TGFP pathway inhibitors differentially rescued HAS, HYAL, GAGs and collagen
following TGFB1 and biomechanical stimulation.
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3.4. Pathological Modification of HA in Calcified Human Aortic Valves

Although HA in normal tissues lacks any protein modifications, studies have shown that
during disease, a unique protein modification occurs on HA where the activated form

of the enzyme TSG6 covalently and irreversibly transfers heavy chains (HCs) from the
serum-derived proteoglycan lal to HA to form the pathological HC-HA complex [48]. Our
IHC analysis showed the prevalence of HA and lal in calcified human aortic valve tissues
(Fig 7A-D). HA distribution in these valves was consistent with previous findings [16]. HA
was co-localized with lal (Fig 7E), suggesting HA was modified with HCs and the HCs of
lal may be covalently attached to the HA backbone in diseased valves [37]. As expected,
there were significant amounts of pathological HC-HA complex in the calcified aortic valves
demonstrated by western blotting (Fig 7F) and by hyaluronidase extraction of HC-HA from
the tissues (Supplemental Fig 6). However, TSG6 activity was absent overall (Fig 7G),
despite its focal expression in these valves (Fig 1F4) [15], and high levels of the enzymatic
product of TSG6 (i.e. the HC-HA complex seen in Fig 7F) in these tissues. Therefore, it

is possible that TSG6 activity was present earlier in AVD pathogenesis while its product
(HC-HA) chronically remained in the calcified aortic valve.

4. Discussion

HA has long been perceived to play a fundamental role in valve function and disease, and
its structural heterogeneity and multi-regulatory nature is known to contribute to the overall
complexity of the valve ECM,; yet its homeostatic regulation during normal and disease
states have been underrepresented. Based on the findings of this study, we propose that the
activation of Smad2/3 (canonical) and ERK1/2 (non-canonical) pathways and hemodynamic
perturbations, causes disruption of HA homeostatic machinery with imbalance of enzymes
that synthesize and breakdown HA, leading to maladaptive, fibrotic ECM remodeling

and latent AVD (Fig 8A). Whereas SB431542 rescued HAS2 and CD44 but not HYAL1
expression in young and aged VICs, U0126 rescued HYAL1 at all ages but was ineffective
on CD44 regulation and rescued HAS?2 only in young VICs. Further, the rescue effect

for these inhibitors was additive only for HAS2 and CD44. The age-related expression
patterns for human vs. porcine aortic valve tissues were predominantly consistent, and the
fibrotic remodeling with abnormalities in regional expression of HA regulators observed in
TGFp1-cultured porcine valves, was similar to diseased human valves. By evaluating the
regulatory pathways that control HA turnover and postnatal dysregulation of its homeostasis
in aortic valves, these studies identify mechanistic insights that are informative in the search
for novel therapeutic targets for early AVD treatment e.g., pharmacologic intervention prior
to the mineralization/end stage of valve calcification.

The findings of the present study advance the idea that AVD pathogenesis originates in

the valve fibrosa region. We observed that during human aortic valve aging and disease,

the collagenous fibrosa layer expanded and the proportion of proteoglycans and GAGs
decreased concomitantly, consistent with previous findings [13], and that the calcific nodules
in diseased valves were mostly localized to the fibrosa layer (Supplemental Fig 1). Similarly,
in porcine models of AVD Interestingly, we also noticed abnormal focal expression of HAS2
and HYALZ1 in these calcified human valves and RHAMM in TGFp-cultured porcine valves;
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all preferentially occurring on the fibrosa side. Fibrosa is known to be the most affected
region during valve calcification, and our findings here confirm previously shown strong
correlations in the expressions of HAS, HYAL and RHAMM with ossification markers in
the vicinity of calcific nodules in diseased valves [15, 49, 50]. Therefore, this region seems
to have the highest vulnerability to HA homeostatic alterations.

While TGFB1-based /n vitro organ culture of valve leaflets and cell culture of VICs
particularly in presence of biomechanical stimulation have previously been employed to
investigate VIC activation, ECM remodeling, and recapitulate AVD [19, 26, 29, 45, 46],

our studies extend their application to assess HA homeostasis during disease pathogenesis.
TGFB is a ubiquitous regulatory cytokine that regulates VIC activation and ECM remodeling
in valves [18], and studies have shown heightened expression of TGFp and pSmad2/3 in the
vicinity of calcific nodules and an overall increase in pPERK1/2 expression in diseased valves
[21-25]. The inhibitors of Smad2/3 and ERK1/2 pathways, i.e., SB431542 and U0126
respectively, have been well optimized for VIC studies /n vitro. Whereas SB431542 reverses
GAG chain elongation caused by TGFB1 [23], U0126 has been used as a suppressor of
calcification [20, 51]. In addition, the mechanistic association between TGF and HA in
valves has been reported only in the context of early development (in endocardial cushions)
or abnormal embryogenesis, not latent disease [52-54]. And to our knowledge, there has
been only one valve study so far where the direct effect of exogenous TGFp on HA
production was analyzed [25]. Given HA’s major role in normal valve structure-function
and disease, investigating the interplay between TGFp pathways and regulation of HA
homeostasis could help identify mechanistic targets for therapeutic intervention.

Our results demonstrate abnormal expression patterns of HAS, HYAL and KIAA1199 in
diseased human valves and in TGFp1-stimulated porcine valves suggesting an imbalance of
the enzymes that synthesize and breakdown HA, during AVD pathology. We show HAS2
and HYAL1 expression increased with age in both human and porcine valves, and were
primarily regulated through Smad2/3 and ERK1/2 pathways respectively. KIAA1199, a HA
depolymerization enzyme, was previously shown to be expressed in porcine VICs in vitro
[43]. Here we observed a gradual decrease in its expression in porcine aortic valve tissue
over age. In contrast, KIAA1199 was present in normal human aortic valves at all postnatal
stages, and particularly demonstrated heightened expression around the calcified nodules
of diseased valves. Unlike HYALs, KIAA1199 is quite understudied in HA catabolism.

It has previously been identified in the context of hearing loss and cancer [55, 56], and
recent /n vitro studies in human dermal fibroblasts have shown a marked reduction in
KIAA1199 expression after TGF exposure [44, 57]; however, its mechanistic regulation is
largely unknown otherwise. While HAS and HYAL are usually regulated through pSmad
and/or MAPK pathways, KIAA1199 is likely controlled through the PI3K-Akt signaling
pathway [57]. The specific roles of KIAA1199 during valve maintenance and disease, and
its association with signaling pathways need to be investigated. Further, transgenic HAS
and HYAL knock out mice that exhibit defective aortic valve morphogenesis with ECM
disorganization and altered HA synthesis, may serve as indispensable animal models to
investigate abnormal progression of HA homeostasis from early valve development through
latent disease [58, 59].
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CDA44 expression in normal human and porcine valves was downregulated with age,

with a marked upregulation observed in calcific valves and TGFB1/BGP-cultured valves,
suggesting HA degradation [60]. CD44 is a principal receptor for HA; HA-CD44 interaction
has been implicated in cell proliferation and differentiation. Mechanistically, both high and
low molecular weight HA are known to interact with CD44, and HA ligation to CD44
and/or RHAMM may mediate VIC activation via ERK1/2 signaling (Figure 8B) [61-64].
Our results further showed that biomechanical strain had a more dramatic effect on CD44
gene expression than HAS2 and HYALL1 in porcine VICs at both young and aged stages,
particularly in presence of TGFB1. Studies have shown that large /n7 vivo strains on aortic
valve during the cardiac cycles are usually transduced from the leaflet ECM to VICs

via integrins, and VICs respond to these strains through development of focal adhesion
complexes, to then synthesize structural proteins or remodeling enzymes and maintain valve
structural integrity [65]. While studies focusing specific roles of CD44 in valve disease or
biomechanics are limited [66, 67], the interaction among integrin receptors, non-integrin
receptors such as CD44, and other mechano-accessory proteins in the context of abnormal
hemodynamics in valves warrants further study [68].

Though HA has previously been shown to be differentially expressed in aged calcified
human aortic valves [16], our findings here demonstrate co-localization of HA and lal
together with accumulation of HC-HA in calcified human aortic valves. It is well established
that under normal conditions, HA is synthesized as a large GAG (>1500 kDa), lacking any
protein modifications. Studies have shown that during inflammation, a pathological change
occurs to HA in which the enzyme TSG6 transfers HCs (~85 kDa) from the serum-derived
proteoglycan lal to the 6-OH of N-acetylglucosamine residues in HA to form a covalent
HC-HA complex (>3000 kDa) [69, 70]. HC-HA has recently been shown to accumulate
abnormally during rheumatoid arthritis, idiopathic pulmonary arterial hypertension, asthma
and ulcerative colitis [37, 42, 48]. Inflammation with leukocyte clustering in valves is

a hallmark of calcific AVD [5, 71], and HC-HA is known to exacerbate inflammation

via its leukocyte adhesion properties [72, 73]. Therefore HC-HA possibly initiates the
inflammatory response during AVD (Fig 8B), however these mechanisms in valves warrant
further investigation.

From our analysis, TSG6 activity was not detected in these aged calcified human aortic
valves. This is not surprising since TSG6 activity is rarely detectable in end-stage diseased
tissues, such as in the colon during ulcerative colitis and lungs during asthma, in which
inflammation has reached a chronic and advanced state [42]. However, these tissues
demonstrate HC-HA as well, indicating that endogenous TSG6 activity likely preceded the
overt manifestation of disease. Additionally, HA and TSG6 share an interesting association
- HA competitively binds TSG6 and promotes valve calcification, and this binding is
dependent on HA size. Therefore, the degradation products of HA (i.e., smaller HA
fragments generated by HYAL) may not effectively bind TSG6, leading to inhibition

of calcification [15]. However, these HA fragments are known to bind RHAMM to
promote activation of VICs, and the components of TGFp pathway (Fig 8B) [15, 74,

75]. They also stimulate cytokine production for macrophage differentiation [76-78], and
monocyte infiltration, macrophage differentiation along with heightened remodeling enzyme
expression have been observed in calcified valves [5]. Taken together, both HC-HA and
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fragmented HA are pro-inflammatory and the ratio of different components of HA (intact vs.
fragmented vs. HC) may be altered during AVD, which could set the stage for subsequent
downstream inflammatory and ECM remodeling events. The pharmacologic potential of
TSG6 neutralizing antibodies, or HA oligosaccharides to remove HCs from HC-HA and
dissociate these pathologic complexes in diseased valves, may be explored in future [48].

Limitations of this study include the use of semiquantitative IHC analysis for human valves,
and the need for a larger sample size for humans given the inherent variability between
specimens. Second, the regulation of multiple isoforms of HAS and HYAL is complex [79,
80], and valve chondrogenic remodeling during development and disease is not regulated
by TGFp alone, but by other pathways such Wnt/B-catenin as well [81]. Hence there

may be additional mechanisms of HA homeostasis, and changes due to TGFf may be
considered as just one of the factors that affect HA regulation in valves. Third, while the
human and porcine valves mostly exhibit similar data trends, any difference between the
findings, such as with KIAA1199 expression, may be due in part to interspecies differences
in valve composition, and the wide distribution of sample ages of these valves [82]. The
age classifications of the pigs in our study were based on our previous studies [38]; whereas
2 year old pigs are not considered very old, their aortic valves are quite mature with a
prevalence of age-induced endothelial dysfunction and heightened VIC calcific potential
similar to aged humans. In addition, considering the anatomy and structural similarity, 1-3
month old (young) and >2 year old (aged) pigs in our study closely correspond to “young”
and “aged” humans respectively [83].

It may be noted that the porcine calcified aortic valve (used as a positive control) is a
random one with unknown genetic background, and therefore future bioreactor culture
studies could employ diseased valves from established 77 vivo porcine models of AVD [84,
85]. Although the TGFB1 cultures in our study do not completely replicate the complexity
and pathophysiology of AVD, these in vitro organ and cell culture models are widely

used [86], and have been shown to adequately stimulate VIC activation and calcification,
and recapitulate human disease [19, 26, 29, 45, 46]. Further, the advantages of short
experiment time and better control over multiple variables, e.g., biomechanical stimulation
or concentration-dependent inhibition of specific pathways, make /n vitro cultures valuable
tools for valve research. Lastly, given the non-specific nature of inhibitors such as U0126,
future studies could use additional ERK1/2 inhibitors such as PD-98059 to confirm findings
[20]. Short term (e.g., 2—4 hr as opposed to 24-48 hr) cell culture studies using Flexcell may
also establish more direct links to ERK1/2 and TGF.

In summary, combining engineering and molecular approaches to understand differential
VIC regulation of HA homeostasis due to TGFB1 and its inhibitors highlight the multipotent
nature of these development and disease pathways. Ultimately, these studies contribute

to elucidating the predisposition of a diseased valve towards calcific vs. myxomatous
phenotypes, and provide insight into AVD pathogenesis and identify therapeutic targets.
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Diseased human aortic valves demonstrate abnormalities in regional expression of HA
homeostatic markers. Expression patterns of HAS2 (A1-A5), HYALL (B1-B5), KIAA1199
(C1-C5), CD44 (D1-D5), RHAMM (E1-E5) and TSG6 (F1-F5) in valves classified as young
(15-20 year old) or aged (>50 year old) and either normal or abnormal (sclerotic/calcific)
are shown. Arrows and arrowheads denote cell and ECM expression respectively. The region
of expression is marked by parenthesis. Calcific nodules are indicated by asterisk. t: vs
normal young p<0.05; %: vs normal aged p<0.05; #: vs sclerotic aged p<0.05. f, fibrosa; s,
spongiosa; v, ventricularis. The orientation provided by the use of f, s, v in panels A1-A4
apply to all the microscopic image panels in this figure. Scale bar: 200 pm.
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Figure2.
Porcine aortic valves demonstrate altered expression of HA homeostatic markers with age.

Expression patterns of HAS2 (A1l-4), HYALL (B1-4), KIAA1199 (C1-4), CD44 (D1-4),
RHAMM (E1-4), TSG6 (F1-4) and pERK1/2 (G1-4) in valves classified as young (1-3
month old), adult (6—9 month old) or aged (>2 year old) are shown. Arrows and arrowheads
denote cell and ECM expression respectively. Parentheses mark the regions of expression. :
vs young p<0.05; F: vs adult p<0.05. f, fibrosa; s, spongiosa; v, ventricularis. The orientation
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provided by the use of f, s, v in panels A-D apply to all the microscopic image panels in this
figure. Scale bar: 200 pm.
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Porcine Aortic Valve
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Figure 3.
TGFB1 causes aberrant regulation of HA homeostasis in porcine aortic valve tissue. Movat

histochemical staining (A1-4) and expression patterns of HAS2 (B1-4), HYAL1 (C1-4),
KIAA1199 (D1-4), CD44 (E1-4), RHAMM (F1-4) and TSG6 (G1-4) in valves classified
as fresh, culture control or cultured in TGFP1 are shown. Arrows and arrowheads denote cell
and ECM expression respectively. Parenthesis mark the regions of expression. t: vs fresh
p<0.05; *: vs culture control p<0.05. f, fibrosa; s, spongiosa; v, ventricularis. The orientation
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provided by the use of f, s, v in panels A-D apply to all the microscopic image panels in this
figure. Scale bar: 200 pm.
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Regulation of HA homeostatic marker gene expression by exogenous TGFB1, its inhibitors,
biomechanical strain and aging in cultured porcine aortic VICs as measured by qRT-PCR.
Gene expression (on y-axis) is presented as relative log, expression, and all data for each
gene is normalized to young, static with no treatment. “None”, no treatment; “T+S”, TGF1
+SB431542; “T+U”, TGFB1 + U0126; “S+U”, SB431542 + U0126; “All”, TGFB1 +
SB431542 + U0126. #, vs. none, p<0.05; *, vs. none, p<0.001; &, vs. T, p<0.001; *,

vs. young, p<0.0001. Another version of the same figure with more elaborate statistics is
provided as Supplemental Fig 4.
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Figure5.
A) Regulation of aSMA (VIC activation) gene expression by exogenous TGFp1, its

inhibitors, biomechanical strain and aging in cultured porcine aortic VICs as measured

by gRT-PCR. Gene expression (on y-axis) is presented as relative log, expression, and all
data for each gene is normalized to young, static with no treatment. “None”, no treatment;
“T+S”, TGFB1 + SB431542; “T+U”, TGFB1 + U0126; “S+U”, SB431542 + U0126; “All”,
TGFB1 + SB431542 + U0126. #, vs. none, p<0.05; *, vs. none, p<0.001; &, vs. T, p<0.001;
A, vs. young, p<0.0001; ~, vs. age-matched static, p<0.05. B) TUNEL assay for apoptosis
confirmed no significant cell death in VICs cultured for up to 48 hrs in either static or
dynamic conditions and with or without the inhibitor. VICs cultured on tissue culture
polystyrene dishes were used as controls.
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Figure6.

Regulation of GAG secretion in the conditioned media of cultured young and aged porcine
VICs by exogenous TGFB1, its inhibitors, biomechanical strain and aging. “None”, no
treatment; “T+S”, TGFP1 + SB431542; “T+U”, TGFB1 + U0126; “S+U”, SB431542 +
U0126; “All”, TGFP1 + SB431542 + U0126. #, vs. none, p<0.001; 1, vs. T, p<0.05.
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Human Calcified Aortic Valve

F Patient 1 Patient2  Patient 3 G Patient 1 Patient 2 Patient 3

HYAL -+ -+ =

Figure 7.
Human calcified aortic valves demonstrate extensive HA and lal expression, and their

co-localization (A-E). Their secondary-only controls are included in Supplemental Fig 5 for
comparison. F) Western blot demonstrating presence of the pathological form of HA (i.e.,
heavy chain (HC)-HA complex) in these valves. When hyaluronidase (HYAL) is added to
the minced tissue, HC-HA, which is too large to enter the gel, is digested, releasing free HCs
that migrate and appear as a single band at ~85 kDa (green bands; lanes 2, 5, 8). G) The
TSG6 activity assay works by supplying lal (endogenous, from the tissue) and a HA oligo
(exogenous) 14 monosaccharides in length (HA14) as an artificial heavy chain acceptor.

If endogenous TSG6 activity was present, it would have transferred the HCs from lal to
HA14, and there would have been a gel shift from the 250 kDa lal band to the ~85 kDa HC
band in lanes 3, 6 and 9. This was demonstrated in the positive controls where recombinant
TSG6 was supplied (green bands; lanes 4, 7, 10). TSG6 activity was largely absent in the
calcified human aortic valves. Molecular weight standards are shown in red in both F and G.
Scale bar: A, C: 0.5 mm; B, D, E: 200 pum.
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Figure 8.
Schematic mechanism of the association between TGFp signaling, biomechanics and HA

homeostasis in calcific AVD progression. A) We propose that activation of intracellular
TGFp pathways together with biomechanical trigger cause a transitional, pre-calcific phase
(red markings) with increased cell activation, ECM remodeling and dysregulation of
enzymes that synthesize and breakdown HA. B) HA abnormalities manifesting as either
accumulation of HA fragments (due to increased HYAL, denoted by 3) or HC-HA (due

to increased TSG6 activity, denoted by 4) may impair normal HA receptor function and
may attract inflammatory cells to the site of calcific lesions (denoted by 5). The numbers 1
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through 6 denote the proposed sequence of events; dotted arrow between the moieties means
“acts on”, and solid arrow means “converts to”.
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