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Calcification by Valve Interstitial Cells Is Regulated
by the Stiffness of the Extracellular Matrix

Cindy Ying Yin Yip, Jan-Hung Chen, Ruogang Zhao, Craig A. Simmons

Objective—Extensive remodeling of the valve ECM in calcific aortic valve sclerosis alters its mechanical properties, but
little is known about the impact of matrix mechanics on the cells within the valve interstitium. In this study, the influence
of matrix stiffness in modulating calcification by valve interstitial cells (VICs), and their differentiation to pathological

phenotypes was assessed.

Methods and Results—Primary porcine aortic VICs were cultured in standard media or calcifying media on constrained
type I fibrillar collagen gels. Matrix stiffness was altered by changing only the thickness of the gels. Calcification did
not occur in standard media, regardless of matrix stiffness. However, when VICs were grown in calcifying media on
relatively compliant matrices with stiffness similar to that of normal tissue, they readily formed calcified aggregates of
viable cells that expressed osteoblast-related transcripts and proteins. In contrast, VICs cultured in calcifying media on
stiffer matrices (similar to stenotic tissue) differentiated to myofibroblasts and formed calcified aggregates that
contained apoptotic cells. Actin depolymerization reduced aggregation on stiff, but not compliant, matrices. TGF-S1
potentiated aggregate formation on stiff matrices by enhancing a-smooth muscle actin expression and cellular
contractility, but not on compliant matrices attributable to downregulation of TGF-f3 receptor L. Cell contraction by VICs
inhibited Akt activation and enhanced apoptosis-dependent calcification on stiff matrices.

Conclusions—Differentiation of VICs to pathological phenotypes in response to biochemical cues is modulated by matrix
stiffness. Although osteogenic or myofibrogenic differentiation of VICs can result in calcification, the processes are
distinct. (Arterioscler Thromb Vasc Biol. 2009;29:936-942.)

Key Words: aortic valve m matrix mechanics m mechanobiology m collagen m sclerosis

ysregulation of normal cellular processes!-? leads to
aortic valve sclerosis (AS), a common disease? that
involves chronic inflammation, fibrosis, and calcification.*5
The consequences of AS are serious, as even minor valve
calcification increases the risk of other cardiovascular disor-
ders by 50%, and the prognosis with progression to sclerosis
is poor.® Treatment is limited to surgical replacement of the
stenotic valves, as effective medical therapies do not exist.
The progression of sclerosis and calcification is mediated
primarily by valve interstitial cells (VICs) that populate the
interstitial matrix."” As in the vasculature,® calcification of
the aortic valve occurs through multiple mechanisms,® includ-
ing apoptosis-related calcification typically associated with
myofibrogenic activation of VICs,!®!! calcium deposition
associated with necrotic cells,'> and bone formation by
resident VICs!'3 or bone marrow—derived cells.!© However,
details of the cellular mechanisms by which VICs contribute
to calcification are not well understood, largely because of the
limited number of studies in vitro and difficulties with their
interpretation. For example, when VICs are induced to form

calcified multicellular aggregates in vitro, the aggregates are
associated with the expression of bone-related transcripts and
proteins, the expression of myofibroblast markers, or apopto-
sis.”14-17 It is unclear whether these features represent a
single or multiple calcification process(es).

The factors that contribute to the dysregulation of VICs
leading to calcification are also not fully defined. While a
variety of biochemical cues, including transforming growth
factor (TGF)-3, have been implicated in valve calcification,’
mechanical cues from the extracellular matrix may also
regulate cell function, both in vivo and in vitro. Notably, cells
are able to “sense” the local mechanical properties of their
extracellular matrix, and matrix stiffness is known to regulate
motility, proliferation, and differentiation in various cell
types.'® The differentiation of VICs to myofibroblasts was
recently shown to be influenced by matrix stiffness,'® but the
role of matrix mechanics in regulating calcification by
VICs has yet to be determined. An improved understand-
ing of VIC-matrix interactions is required to aid in
interpretation of VIC calcification studies in vitro; to guide

Received June 10, 2008; revision accepted March 5, 2009.

From the Institute of Biomaterials and Biomedical Engineering (C.Y.Y.Y., J.-H.C., R.Z., C.A.S.), Cardiovascular Sciences Collaborative Program
(C.Y.Y.Y.), the Department of Mechanical and Industrial Engineering (J.-H.C., C.A.S.), and the Faculty of Dentistry (C.A.S.), University of Toronto, ON,

Canada.

Correspondence to Craig A. Simmons, Department of Mechanical & Industrial Engineering, University of Toronto, 5 King’s College Road, Toronto,

ON, Canada M5S 3G8. E-mail c.simmons@utoronto.ca
© 2009 American Heart Association, Inc.

Arterioscler Thromb Vasc Biol is available at http://atvb.ahajournals.org

DOI: 10.1161/ATVBAHA.108.182394

Downloaded from atvb.ahajournals.org®d@Jniversity of Toronto on May 22, 2009


http://atvb.ahajournals.org

Yip et al

the selection of biomaterials with appropriate mechanical
properties for valve tissue engineering; and to assess whether
alterations in extracellular matrix mechanics that occur with
disease?*2! modulate pathological changes in VIC phenotypes
and calcification processes.

To gain a better understanding of calcification by VICs and
its regulation by mechanical cues, we studied the influence of
matrix stiffness on primary porcine aortic VICs in vitro using
a fibrillar collagen-based system with tunable substrate stiff-
ness. We found that the response of VICs to procalcific soluble
factors is sensitive to matrix stiffness. VICs grown in procalcific
conditions preferentially differentiate to osteoblast-like cells on
compliant substrates that mimic the stiffness of normal or
early sclerotic tissue, but differentiate to myofibroblasts on
stiffer substrates that mimic the stiffness of stenotic tissue.
Calcified aggregates form in both cases, but through distinct
processes that are differentially mediated by cytoskeletal
tension.

Methods
Valve Interstitial Cell Culture

Primary porcine aortic VICs were isolated by collagenase digestion.
Constrained compliant and stiff collagen matrices were constructed
following procedures described previously.?> The stiffness was
controlled by changing only the thickness of the matrices, which
were otherwise formed identically. VICs were seeded on collagen
matrices in either DMEM with 10% fetal bovine serum (FBS), or in
calcifying medium consisting of complete medium supplemented
with 10 mmol/L B-glycerophosphate, 10 ug/mL ascorbic acid and 10
nmol/L dexamathesone.

Characterization of Collagen Content and
Mechanical Properties of Collagen Matrices
Collagen content and the effective stiffness of the compliant and stiff
matrices throughout the culture period were measured by the
hydroxyproline assay and compression testing, respectively. The
effective stiffness of the matrices was also estimated under shear
loading by finite element analysis (please see the supplemental
materials, available online at http://atvb.ahajournals.org).

Cellular Proliferation and Viability
Proliferation of VICs was determined based on measurement of
DNA content. Cell viability was determined by fluorescent labeling
of live cells with calcein AM and of dead cells with ethidium
homodimer-1 (EthD-1). Apoptotic cells were identified by cellular
uptake of APOPercentage dye (Biocolor Ltd).

Osteoblast-Related Biomarkers

Transcriptional expression of osteonectin and osteocalcin were
quantified by real-time PCR. The amount of the bone transcription
factor runt-related transcription factor 2 (Runx2) was measured in
VIC nuclear extracts using an ELISA-based immunoassay
(TransAM kit, ActiveMotif) and normalized by total cell number.
Alkaline phosphatase (ALP) activity was detected by biochemical
staining. Osteocalcin was detected by immunohistochemical stain-
ing. VIC cultures were stained with Alizarin red S (ARS) solution for
calcium deposition. Calcium content was quantified by measuring
the absorbance of ARS dye released from the stained culture.?

Immunofluorescent Staining of

Cytoskeletal Proteins

VICs were fixed and permeablized for costaining with monoclonal
mouse anti—a-smooth muscle actin antibody (a-SMA) and fluoros-
cein isothiocyanate (FITC)-conjugated Phalloidin for F-actin fol-
lowed by nuclear counterstain with Hoechst 33242 dye.
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Disruption of Cytoskeleton Assembly and
TGF-1 Response

VICs were cultured on compliant or stiff matrices with calcifying
media for 6 days, at which point aggregation had not occurred on
either matrix. VICs were then treated with 0.4 nmol/L swinholide A
(SWA) for 2 days to disrupt the assembly of actin. In a separate set
of experiments, VICs were cultured on compliant and stiff matrices
and were treated immediately with calcifying media (containing 10%
FBS) and 5 ng/mL of TGF-£1 for 5 days to induce a-SMA-dependent
aggregate formation.

Secreted TGF-£1 and TGF-£1

Receptor Expression

The total amount of TGF-B1 in supernatant collected from
cultured cells was measured and normalized to total cell number.
Transcriptional expression of TGF-B1 receptor I and receptor 11
were estimated by RT-PCR.

Contraction-Dependent Apoptosis and

Akt Activation

A stress-relaxation collagen gel model>* was used to evaluate the
relationship between cell contraction, apoptosis, and Akt activity.
Briefly, VICs were cultured on the surface of constrained collagen
gels for 6 days, at which point the gels were released. Apoptosis was
measured immediately as well as 0.5 hours and 3 hours after gel
release. Total and phosphorylated Akt were detected in cell lysates
before and 1 hour after gel release by Western blotting.

Statistical Analysis

Results are presented as mean*SE. Unpaired Student ¢ test or
ANOVA and Fisher least significant difference test were used as
appropriate.

Results

Characterization of Collagen Matrices

Cells were cultured on constrained fibrillar collagen matrices.
Thick (=2.5 mm thickness) and thin (=10 wm thickness)
matrices had uniform fibrillar collagen microstructure (sup-
plemental Figure IA and IB), with similar collagen fiber
diameters (P=0.27, supplemental Figure IC). Because of the
differences in the gel thickness alone, the thick matrices were
significantly more compliant than the thin matrices in com-
pression (P<<0.05, supplemental Figure ID) and shear (refer
to supplemental methods). Despite degradation of the com-
pliant matrices over the culture period, which reduced the
overall thickness of these matrices to approximately
1.75 mm, the stiffness of both the thick and thin matrices
remained constant (supplemental Figure II).

Proliferation and Morphological Changes

When cultured in complete medium without calcifying sup-
plements, VICs proliferated more rapidly on compliant ma-
trices (P<<0.05; supplemental Figure IITA), but the morphol-
ogy was similar on the two matrices (Figure 1A and 1B). In
contrast, VIC proliferation rate was not significantly different
on stiff and compliant matrices when cultured in calcifying
media (supplemental Figure IIIB), but morphological differ-
ences were substantial. In calcifying media, VICs on compli-
ant matrices formed multicellular aggregates after 8 to 10
days of culture (Figure 1C). In contrast, VICs on stiff matrices
formed fewer aggregates (P<<0.05) and instead tended to form
ridges (Figure 1D and 1E). In medium without procalcific
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Figure 1. Cellular morphology. A through D, Bright field images
of VICs cultured in DMEM or in calcifying media, with arrows
indicating cell aggregates. E, Number of aggregates formed by
VICs in media with osteogenic supplements on compliant and
stiff matrices, *P<<0.05.

supplements, there was no aggregation on either substrate over
the culture period.

More Compliant Matrices Promote Osteogenic
Differentiation of VICs

VICs can form aggregates in vitro that contain calcium
deposits and osteoblast-related proteins,” so we investigated
whether this was the case for the cell aggregates on compliant
and stiff collagen matrices. There was a trend for greater
calcification on the compliant matrices (P<<0.06; Figure 2A).
Calcium deposition was localized within the aggregates
formed on both matrices (supplemental Figure IV). Tran-
scriptional expression of osteonectin and osteocalcin were
significantly higher in VICs cultured on compliant matrices
(P<<0.05 for osteonectin; P<<(0.06 for osteocalcin; Figure 2B),
as were protein expression of Runx2 (P<<0.05; Figure 2C),
ALP activity (Figure 2D), and osteocalcin protein expression
(Figure 2F). ALP activity and osteocalcin expression were
localized within the aggregates on compliant matrices. On
stiff substrates, ALP activity was weak and dispersed
throughout the cell layer (Figure 2E) and minimal osteocalcin
expression was observed, even in aggregates (Figure 2G).
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Figure 2. Compliant matrices promote osteogenic phenotypes.
A, Relative amount of calcium, **P=0.06. B, Relative gene
expression of osteocalcin and osteonectin by VICs, *P<0.05
and “*P=0.06. C, Runx2 expression, *P<0.05. D and E, ALP
staining. F and G, Osteocalcin expression, inset showing nega-
tive control.

Stiffer Matrices Promote Calcification

Through Apoptosis

Although VICs on stiff matrices expressed osteoblast-related
markers at low levels, significant calcium deposition was
observed within the few aggregates that formed. Morpholog-
ical analysis by SEM revealed significant differences in the
spreading and shape of the cells on the surface of and around
the multicellular aggregates on the 2 matrices (Figure 3A and
3B), which suggested that the aggregates formed and calci-
fied through different mechanisms on the 2 matrices. Both in
vivo and in vitro, calcification can occur through a process
involving apoptosis,!!:!5 so we examined cell viability in the
aggregates. On compliant matrices, the aggregates contained
viable cells with little evidence of apoptosis (Figure 3C and
3E). Positive calcein AM staining was not attributable to the
presence of calcium, as formalin-fixed calcified aggregates
stained negatively (Figure 3C, inset). In contrast, aggregates
formed on stiff matrices contained dead and apoptotic cells
(Figure 3D and 3F).

Aggregate Formation on Stiffer Matrices Is
Mediated by Cytoskeletal Tension

The striking differences in VIC phenotypes, aggregate mor-
phology, and calcification process on compliant versus stiff
matrices in otherwise identical culture conditions suggested
that VICs sense and respond to matrix stiftness. Stiff culture
surfaces, such as tissue culture polystyrene, are known to
promote myofibrogenic differentiation of VICs and increase
expression of filamentous a-SMA,'® a cytoskeletal protein
that contributes to the contractility of activated VICs. We
found that VICs displayed F-actin fibers regardless of matrix
stiffness (supplemental Figure V). However, VICs on com-
pliant matrices expressed predominantly monomeric a-SMA,
whereas abundant expression of filamentous a-SMA was
observed only in cells cultured on stiff matrices (Figure 4A
and 4B) consistent with the emergence of a myofibroblast
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Figure 3. Stiffer matrices promote calcification associated with
VIC apoptosis. A and B, SEM of cell aggregates. C and D, Live
(green) and dead (red) staining of aggregates, inset showing the
negative control with nuclear counterstaining (blue). E and F,
APOPercentage staining for apoptosis, inset showing positive
control (purple).

phenotype. We investigated the role of actin assembly in
matrix stiffness—dependent aggregate formation by disrupt-
ing actin filaments in VICs. Actin depolymerization was
observed in VICs after 48 hours of SWA treatment on both
matrices (Figure 4C and 4D). Cells remained attached to
the matrices; some were rounded with limited extension of
cytoplasmic processes (Figure 4G and 4H). On compliant
matrices, actin disruption had no effect on the formation of
cell aggregates that displayed osteogenic phenotypes (Figure
4G). In contrast, on stiff matrices disruption of actin assembly
significantly reduced the formation of aggregates (P<<0.05;
Figure 4H and 4I). These data, along with the “contracted”
appearance of the aggregates formed on the stiff matrices
(Figure 3B), suggested that apoptosis leading to calcification
on stiff substrates may be attrituable to local contraction of
the cell layer resulting from increased cytoskeletal tension,
which is then released on aggregation. To test this, we released
constrained collagen gels seeded with VICs and observed a
significant increase in the number of apoptotic cells (Figure
5A). Previous studies have identified the Akt signaling
pathway as the mediator of contraction-dependent apopto-
sis.2> We found that Akt activation was downregulated on gel
contraction by VICs (Figure 5B), before apoptosis, suggest-
ing mechanically-regulated Akt activity influences apoptosis
in VICs.

VIC Response to TGF-3 and the Expression of its
Receptors Are Matrix Stiffness-Dependent

TGF-B1 is a potent inducer of a-SMA expression and myofi-
broblast differentiation. It is also expressed in calcified aortic
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Figure 4. Matrix stiffness—dependent involvement of the actin
cytoskeleton in aggregate formation. A through D, a-SMA
expression (red) by VICs (nuclei, blue) without and with SWA. E
through H, Brightfield images of VICs before and after SWA
treatment, showing the absence of aggregates or ridges on the
stiff matrices on SWA treatment. |, SWA affects aggregate for-
mation by VICs, *P<0.05.

valves'> and promotes VIC apoptosis and calcified aggregate
formation in vitro.”'> We evaluated whether matrix stiffness—
dependent aggregation was influenced by TGF-£1. No differ-
ences were detected in endogenous total TGF-f1 production by
VICs on compliant versus stiff matrices (data not shown). After
only 5 days of culture, aggregates formed on stiff matrices
treated with 5 ng/mL exogenous TGF-B1 (28+4 aggregates),
but not without TGF-B1 (zero aggregates; P<<0.05). In contrast,
no aggregates were observed after 5 days on compliant matrices
in the absence or presence of TGF-£1. VICs grown in calcifying
media for 8 days on either substrate had significantly lower
expression of both TGF-B1 receptor I and II compared with
freshly isolated VICs (P<0.05; supplemental Figure VI).
Whereas TGF-3 receptor II expression was not different on
compliant versus stiff matrices, TGF-f3 receptor I expression
was significantly lower in VICs on compliant matrices (P<<0.05;
supplemental Figure VI). These data suggest that the
preferential responsiveness to TGF-B1 on stiff matrices is
mediated in part through matrix stiffness—dependent ex-
pression of TGF-f3 receptor I.

Discussion
VICs,” vascular smooth muscle cells,?¢ and pericytes?’ can be
induced in vitro to form aggregates that are typically referred
to as calcified nodules. The mechanisms by which VICs form
calcified aggregates and the factors that regulate these pro-
cesses are not well defined. Here, we demonstrated 2 distinct
calcification processes that are mechanically regulated and
associated with different cell phenotypes. VICs cultured in
calcifying media on more compliant matrices were viable,
acquired osteoblast-like properties, and formed calcified
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Figure 5. Contraction-induced apoptosis involving Akt signaling.
A, Apoptosis determined by APOPercentage dye on release of
constrained collagen gels, *P<0.05. B, Western blot of total Akt
and phosphorylated Akt (p-Akt) in cells on gels before release
and 1 hour after release, *P=0.06.

bone-like nodules. In contrast, VICs cultured in the same
media but on the stiffer matrices had minimal osteoblast
marker expression, differentiated to contractile myofibro-
blasts, and formed calcified aggregates containing apoptotic
cells. Importantly, calcification on either matrix occurred
within the culture duration only when the VICs were exposed
to calcifying medium. Thus, matrix stiffness alone was
insufficient to cause calcification but worked in conjunc-
tion with soluble factors to regulate VIC differentiation
and calcification.

The experimental system used here permitted specific
investigation of distinct calcification mechanisms; this has
not been possible to date and has been largely ignored,
confounding interpretation of cell culture data and limiting
our understanding of the mechanisms underlying calcification
by VICs. We used primary VICs to capture the heterogeneity
of VICs in intact valves??® and to avoid the phenotypic
changes that occur with subculture, including myofibroblast
differentiation'® and loss of osteoprogenitors.?® Cells were
grown on fibrillar type I collagen gels instead of monomeric
collagen-coated synthetic gels? to better mimic the native
ECM in heart valves. This may be important as different
intracellular signaling pathways are activated when cells bind
fibrillar versus monomeric collagen.?'32 Although the com-
pliant and stiff matrices were biochemically identical ini-
tially, changes in matrix composition attributable to cell
remodeling may have occurred with time in culture. Calcifi-
cation by valvular and vascular cells is similar on collagen-

and fibronectin-coated substrates,334 suggesting that replace-
ment of collagen with fibronectin during remodeling would
not elicit the differences observed in the current study. The
effect of other matrix components produced by VICs on
calcification is unknown, and thus characterization of the
compositional changes that occur in the gels because of remod-
eling would better define the relative contributions of matrix
stiffness versus composition. To manipulate only matrix
stiffness, we were limited to a 2D system, as decoupling of
matrix mechanics and chemistry is not possible with 3D
fibrillar collagen matrices.>® Based on previous studies,35-3¢
some VIC responses are similar in 3D matrices as on 2D
surfaces, but 3D matrix stiffness effects on VIC differentia-
tion have yet to be studied.

Based on Hertz contact analysis of microindentation data
of collagen gels identical to those used here,?” the apparent
elastic moduli of the thick and thin collagen matrices are
estimated to be 27 kPa and 113 kPa, respectively. Of note,
VICs underwent osteogenic differentiation in the same stiff-
ness range (25 to 40 kPa) as bone marrow—derived MSCs,38
consistent with recent evidence that the aortic valve also
contains a subpopulation of MSCs with robust osteogenic
calcification potential.?®

The differentiation of VICs to contractile myofibroblasts
that express filamentous a-SMA on stiff substrates has been
reported previously.!® The primary inducers of myofibroblast
differentiation are mechanical tension and TGF-£.3° Cy-
toskeletal tension is generated intrinsically by cells as they
exert tractional forces on the surrounding extracellular ma-
trix; stiff matrices provide greater resistance to deformation,
resulting in greater tractional forces.!® The incorporation of
a-SMA into stress fibers aids in force generation.*® We found
that a-SMA stress fibers were critical to aggregation on
stiffer matrices, as this process was inhibited by treatment
with SWA, which disrupts polymerization of a-SMA,*! and
was promoted by TGF-B1. The dependency of aggregation on
cytoskeletal tension, along with the appearance of ridges and
the final symmetrical morphology of the aggregates sug-
gested that the aggregates formed by local contraction of the
cell layer. Release of mechanical tension in VICs, as would
occur with contraction-induced aggregation, reduced Akt
activity and subsequently triggered apoptosis as it does in
other myofibroblasts.?+2342 Apoptosis is associated with cal-
cification of vascular and valvular cells in vitro** and in
vivo,'44 and is required for TGF-B1-induced calcification
by VICs.'S Our observations suggest a mechanically-based
mechanism with which to interpret in vitro models of apo-
ptosis-associated VIC calcification, particularly those per-
formed on stiff polystyrene tissue culture plates that induce
myofibroblast differentiation.'® This mechanism is also likely
to be important in vivo where increases in myofibroblasts,!4>
apoptotic cells,!! and TGF-f!> are observed in sclerotic
leaflets and alterations in matrix tension are believed to be a
trigger for myofibroblast apoptosis during wound repair.244>

In contrast to stiff matrices, addition of exogenous TGF-1
did not accelerate calcification on compliant substrates. The
relative insensitivity of the cells on the compliant matrices to
TGF-p1 likely resulted from lower expression of the TGF-3
receptor 1. Fibroblasts are less sensitive to TGF-B8 when
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grown in 3D spheroids than when grown as 2D monolayers
on glass.*® The differential responsiveness was reported to
correlate with downregulation of TGF-f3 receptor expression
in 3D culture, which in light of our findings, may reflect
differences in effective matrix mechanical properties between
2D and 3D culture systems. We also observed significant
downregulation of both TGF-f receptor I and II transcripts in
VICs grown under calcifying conditions on either substrate
compared to those freshly isolated from normal valves. This
is consistent with observations from explanted human aortic
valves, in which these receptors were downregulated in
calcified leaflets relative to noncalcified leaflets.!>

Although our findings have clear implications for the
interpretation of VIC calcification in vitro and for the
selection of biomaterials for valve regeneration, the relevance
to valve calcification in vivo remains to be determined.
Similar to atherosclerosis, AS is an active pathobiological
process that involves extensive matrix remodeling.>#748 The
extracellular matrix provides biochemical and mechanical
cues to adherent cells, and alterations in the composition*74
and mechanical properties?® of the ECM are characteristic of
sclerotic diseases. The effects of matrix composition on
calcification have been reported,333+30 but the influence of
matrix stiffness on vascular or valvular calcification has not
been investigated. Notably, changes in the local stiffness of
atherosclerotic lesions occur early, before substantial histo-
logical changes in the matrix.2° Similar early dynamic
changes in matrix mechanics are expected in sclerotic valves,
but the alterations in the micromechanical stiffness of the
valve matrix that occur with disease progression and the
factors that contribute to these mechanical changes have yet
to be determined. Although the collagen gels used here are far
less complex than valve tissue in composition and structure,
the modulus of the stiffer gels was comparable to that of
sclerotic valve tissue (based on relative changes from normal
tissue?!) and the modulus of the more compliant gels was
approximately 2- to 3-fold greater than the micromechanical
tensile modulus of normal aortic valve tissue,>! but similar to
that of early atherosclerotic lesions.2® The matrices that
mimicked the normal or early disease stiffness promoted
osteogenic differentiation when the cells were exposed to
calcific soluble signals, consistent with the appearance of
osteoblast-like VICs early in AS# before the substantial
matrix changes and calcification that ultimately stiffen the
matrix. Although these findings are intriguing, further inves-
tigation is required to determine the role of matrix stiffness in
modulating osteogenic and nonosteogenic calcification pro-
cesses in vivo. In particular, translation of these findings to
valve disease requires additional studies of the dynamic
temporal and spatial changes that occur in matrix structure
and composition during disease development and their rela-
tionships to the micromechanical properties of the valve
matrix and cell phenotypes.

In summary, our data demonstrate that the differentiation
of VICs and calcification in response to biochemical factors
are modulated by the mechanical properties of the matrix.
These data suggest an important regulatory role for matrix
mechanics in valve cell biology, with implications for the
interpretation of in vitro models of VIC calcification, the
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selection of biomaterials for tissue engineered heart valves,
and possibly disease development. Although we observed
that either osteogenic or myofibrogenic differentiation of
VICs can result in calcification in vitro, the two processes are
distinct and respectively mimic aspects of either bone forma-
tion or apoptosis-associated calcification in vivo. The identi-
fication of distinct calcification processes suggests the need
for therapies that are specific, yet capable of targeting
multiple pathways involved in VIC pathological differentia-
tion and valve calcification.
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Detailed materials and methods
Unless otherwise stated, all reagents were purchased from Sigma-Aldrich (Oakville, ON,
Canada).

Valve interstitial cell isolation and culture. Hearts were obtained from 8 month old pigs
immediately after death (Quality Meat Packers, Toronto, ON). Pig hearts were immediately
stored in ice-cold phosphate buffered saline (PBS) containing calcium and magnesium and
transported to the laboratory for dissection and cell isolation. Aortic valve leaflets were excised
and were rinsed in sterile PBS containing 0.5% (vol/vol) of amphotericin B, 10,000 Units/mL
penicillin, and 10 mg/mL streptomycin. To remove endothelial cells, leaflets were pre-digested
with collagenase (150 units/mL) reconstituted in N-Tris(hydroxymethyl)methyl-2-
aminoethanesulfonic acid (TES) buffer with 0.36 mM calcium chloride (pH=7.4) for 20 minutes
at 37°C and then for seven additional minutes at 37°C with 0.125% trypsin and EDTA. Leaflets
were then vortexed and lightly scraped with sterile rubber policemen on both surfaces to remove
all endothelial cells. The valve leaflets were rinsed with PBS, minced and further digested by
collagenase reconstituted in PBS (150 units/mL) for an additional two hours at 37°C. To
facilitate the release of interstitial cells from valve matrix, digested leaflets were vortexed and
the cell suspension was collected by removing undigested tissue pieces with a cell strainer. An
equal volume of complete medium (consisting of Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS; Hyclone, Logan, UT), 10,000 Units/mL penicillin,
and 10 mg/mL streptomycin) and cell suspension was mixed and centrifuged at 284 x g for seven
minutes. Supernatant was removed and the cells were resuspended in complete medium. Cell
viability and total cell number were counted by a Vi-Cell™ cell viability analyzer (Beckman
Coulter, Mississauga, ON, Canada). Cells were subsequently seeded on constrained collagen
matrices at 10,000 cells/cm” and were incubated for eight to ten days at 37°C, 5% CO, in either
complete medium, or in calcifying medium consisting of complete medium with 10 mM f-
glycerophosphate, 10 pg/mL ascorbic acid and 10 nM dexamathesone.

Preparation of collagen matrices. Fresh collagen solutions were prepared for each experiments
and prepared as described previously'. A mixture with the following chemicals was prepared on
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ice: (1) 0.3 mL 10X concentrated DMEM; (2) 0.3 mL 0.25M NaHCOs buffer; (3) 0.3 mL FBS;
(4) 0.3 mL penicillin/streptomycin mixture; (5) 0.12 mL 0.1 M NaOH buffer; and (6) 2.5 mL
bovine collagen (PureCol, Inamed Biomaterials, Fremont, CA). For thick collagen matrices, 500
ul of collagen mixture was pipetted into each well of a 24-well microtiter plate lined with sterile
coverslips. Polymerization of collagen was achieved by incubating the collagen mixture at 37 °C
in a 5% CO; incubator overnight. To make thin collagen matrices, the same volume of collagen
mixture was applied to the surface of the well and the coverslips for one minute at room
temperature. Excess collagen mixture was then removed by aspiration, leaving a thin collagen
coating in the well that was polymerized overnight.

Scanning electron microscopy. Compliant and stiff collagen matrices with or without cells were
evaluated by scanning electron microscopy. Samples were fixed with 4% formaldehyde,
followed by dehydration in a series of ethanol washes at 30%, 50%, 70%, 95% and 100%
ethanol for 30 minutes each. Samples were then critical point dried with liquid carbon dioxide in
a Polaron CPD7501, mounted on SEM aluminum stubs and sputter coated with gold using a
Polaron SC 515 SEM Coating System. The samples were examined at 1,000X to 5,000X
magnification using a scanning electron microscope (Model S-2500, Hitachi Instrument). For
collagen matrices without cells, images were used for estimating the collagen fibril diameters
with Image] software (NIH, Bethesda, MD).

Characterization of the content and the mechanical properties of the collagen gels. The
collagen content of the thick and thin matrices was measured by colormetric hydroxyproline
assay after zero, three and eights days in culture. Briefly, collagen matrices were papain digested,
followed by release of hydroxyproline with acid hydrolysis using 6 N hydrochloride acid (HCL).
The hydroxlate was then neutralized with 5.7 N sodium hydroxide. The extracted
hydroxyproline was oxidized into a pyrrole with 0.05 N chloramines T, followed by treatment
with 4-dimethylaminobenaldehyde to develop a colour change. The amount of hydroxyproline
was quantified by measuring the absorbance of the solution at 560 nm.

The effective stiffness of the initial collagen matrices (hydrated) as well as those cultured for
three and eight days was measured in compression using a Biosyntech Mach-1 mechanical test
system (Laval, QC). Constrained thick and thin gels (n = 4 of each) were compressed within 24-
well culture plates using an 8 mm diameter loading platen. Load-displacement curves were
recorded, from which the effective stiffness was determined as the initial tangential slope.
Because the effective stiffness in this system is dictated in part by the geometry and boundary
constraints of the gels in the wells, tensile stiffness could not be measured in Situ.

To demonstrate the relative difference in the stiffness of the thick and thin collagen matrices
under shear loading that better mimics the tractional forces applied by cells on the gels, we
performed finite element (FE) analysis using ANSYS (Canonsburg, PA). Two-dimensional,
plane strain FE models of the gels, representing a vertical slice through the thick and thin gels,
were constructed. The thickness of the thick and thin collagen gels was set to the initial thickness
of 2.5 mm and 10 pum, respectively, to mimic the experimental conditions. Eight-node elements
were used to discretize the models. Collagen was modeled as a hyperelastic neo-Hookean
material with shear modulus of 30 kPa. The gels were constrained in both the horizontal and
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vertical directions on the left and bottom edges. The right edge of the models was left
unconstrained to allow for measurement of the shear deformation.

To demonstrate the relative difference in shear deformation between the thick and thin gels, an
arbitrary constant shear force of 0.48 uN/mm was applied to the top surface of both gels over the
entire width of the model. The maximum shear displacement (at the top-right corner for both
models) was 10.16 um and 0.36 um for the thick and thin gels, respectively. These results
indicate that the effective stiffness of thick gels under shear forces was significantly less than
that of the thin gels, as expected and consistent with the results from the compression tests.

Measurement of cell proliferation. Cells cultured on compliant or stiff matrices were rinsed with
sterile PBS without calcium and magnesium. VICs were released from collagen matrices with
collagenase digestion (300 units/mL) for 1 hour at 37°C. Culture media, degraded collagen and
collagenase solution were centrifuged at 4°C at 16200 x g for 5 minutes, followed by aspiration
of the supernatant. Cell pellets were rinsed with ice-cold PBS. Proliferation was determined at
various time points based on measurement of DNA content of cell pellets via binding with
fluorescent dye from the CyYQUANT® NF cell proliferation assay kit (Invitrogen, Burlington,
ON). To do so, cell pellets were resuspended and incubated with the dye for 1 hour at 37°C in a
96-well microtiter plate. The fluorescence intensity of each sample was measured using a
microplate reader with excitation at 485 nm and emission detection at 530 nm. A standard curve
consisting of 100 to 20,000 cells was generated with primary VICs to quantify the actual number
of cells in the test samples.

Staining of viable, dead and apoptotic cells. VICs on compliant or stiff matrices were quickly
rinsed with sterile PBS. Viable cells were determined by fluorescent labeling with 4 uM Calcein
AM and dead cells were labeled with 2 puM Ethidium Homodimer-1 (LIVE/DEAD®
Viability/Cytotoxicity Kit for mammalian cells, Invitrogen, Burlington, ON). Cells on gels were
incubated with fluorescent dye for 1 hour at 37°C and then nuclei counterstained with Hoechst
33242 dye for 5 minutes. Samples were subsequently mounted on microscope slides with
PermaFluor mounting medium and examined by fluorescence microscopy immediately
(Olympus Model IX71). As a negative control, cells were killed by formalin fixation prior to
Calcein AM staining and nuclear counterstaining to confirm that the Calcein AM staining was
specific to viable cells and not simply binding calcium.

Apoptotic cells were identified by cellular uptake of APOPercentage' " dye (Biocolor Ltd,
Carrickfergus, UK) as a result of apoptosis-induced membrane phosphatidylserine and
phosphatidylcholine translocation. In brief, samples were quickly rinsed with sterile PBS with
calcium and magnesium prior to incubation with APOPercentage™™ dye diluted 1:20 in
supplemented DMEM at 37°C for 30 minutes. Samples were then mounted on microscope slides
with PermaMount aqueous mounting medium and images were captured under the microscope.
Positive controls were achieved by chemically-induced apoptosis of cells using 5 mM hydrogen
peroxide for 3 hours at 37°C prior to staining. Intense staining, typically bright pink or purple
depending on the culture substrate and cell density, was observed in the positive controls,
ensuring the validity of the apoptosis detection method in VICs. Negative controls were
achieved by incubating samples without the APOPercentage™ dye.
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Polymerase chain reaction for expression of osteogenic markers. VICs were released from
collagen matrices via collagenase digestion (300 units/mL at 37°C for 1 hour). Cell pellets were
obtained by centrifugation, followed by aspiration of the supernatant. Total RNA was isolated
from cell pellets following standard protocols of the Micro RNeasy System (Qiagen,
Mississauga, ON). Subsequently, total RNA was reverse transcribed with oligo-(dT);».1s primers
(Invitrogen) and Superscript III reverse transcriptase (Invitrogen). cDNA was quantified with a
NanoDrop Spectrophotometer (ND-1000, NanoDrop Technologies, Wilmington, DE), and then
used as the template for real-time PCR using SYBR Green, an annealing temperature of 60°C,
and 35 cycles. Two osteoblast-related transcripts, osteonectin (Accession number: AW436132,
forward primers: 5’-tccggatctttcctttgetttcta-3’ and reverse primer 5’-ccttcacatcgtggcaagagtttg-3”)
and osteocalcin (Accession number: AW346755, forward primers: 5’-tcaaccccgactgegacgag-3’
and reverse primer 5’-ttggagcagctgggatgatgg-3’) were tested”. Glyceraldehyde-3-phosphate
dehydrogenase (Accession number: AF017079, forward primers: 5’-tgtaccaccaactgcttgge-3’ and
reverse primer 5’-ggcatggactgtggtcatgag-3’) was used as the housekeeping gene’.
Transcriptional expression was quantified by the comparative Ct (Cycle threshold) method

(22 method) with the following equations:
ACt = Ct of target gene — Ct of housekeeping gene (Equation 1)
AACt = ACt Compliant matrices ~ A Ct Stiff matrices (Equation 2)

. . -AA
fold increase between two matrices = 224¢

(Equation 3)
Measurement of core binding factor alpha-1 (cbfa-1) protein. Cbfa-1 protein expression was
measured using a commercially-available ELISA-based immunoassay (TransAM Kkit,
ActiveMotif, Carlsbad, CA). Nuclear extracts were prepared from VICs following the
manufacturer’s recommendations. Briefly, VICs were released from collagen matrices with
collagenase digestion (as described above) and cell pellets were obtained. Samples were then
rinsed with ice-cold PBS with phosphatase inhibitor buffer (125 mM sodium fluoride, 250 mM
B-glycerophosphate, 250 mM para-nitrophenyl phosphate and 25 Mm sodium vanadate) to
prevent inactivation of cbfa-1. Pellets were resuspended in ice-cold hypotonic buffer (20 mM
HEPES, 5 mM sodium fluoride, 10 uM sodium thioglycolate and 0.1 M EDTA) and allowed to
swell on ice for 15 minutes. Cell membranes were disrupted by gentle mixing with 10% Igepal
CA-630, followed by centrifugation. Nuclear pellets were resuspended in Complete Lysis Buffer
(1 M DTT, protease inhibitor cocktail, lysis buffer AM4) and rocked gently on ice for 30
minutes. Nuclear extract was obtained by collecting the supernatant upon centrifugation.

The protein concentration in the nuclear extract was determined using a micro BCA assay
(Pierce, Rockford, IL). For each sample, 20 pg of nuclear extract was used to measure the
abundance of cbfa-1 by an ELISA-based immunoassay following the recommended protocol.
Briefly, nuclear extracts containing unknown amount of activated transcription factor were
incubated for 1 hour in 96-well microtiter plates pre-coated with oligonucleotides containing an
AML-3 consensus binding site. Primary antibody for AML-3/Runx2 (cbfa-1) was added to the
samples for another one hour incubation, followed by one hour incubation with horseradish
peroxidase-conjugated anti-rabbit I[gG. The colorimetric reaction was initiated by five minute
incubation with the Developing Solution, followed by the Stop Solution. Absorbance of each
sample was read immediately with a spectrophotometer at 450 nm with a reference wavelength
of 655 nm. Absorbance readings were normalized by total cell number per sample. A positive
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control for AML-3/Runx2 activation was performed with 5 pg/well of Saos-2 nuclear extract.
Negative controls were achieved with blank compliant and stiff collagen gels without any cells.

Alkaline phosphatase and Alizarin Red S staining. To stain for alkaline phosphatase activity
(ALP), VICs on collagen matrices were fixed in 10% neutral buffered formalin (NBF) and rinsed
in distilled water. Samples were stained using Napthol AS MX-PO4 (Fisher Scientific, Ottawa,
ON) as the substrate, N,N-Dimethylformaide, Trizma-hydrochloride acid, and Fast Red Violet
LB salt. The stained samples were rinsed with distilled water three times and examined under a
light microscope. Positively stained cells display a redish/purple color. To detect the presence of
calcium salts, formalin fixed samples were washed with distilled water, followed by staining
with 0.02 mg/mL Alizarin red S (ARS) solution. Cells with calcium deposition were stained
bright red. Subsequently, ARS dye was released from the stained samples using 0.6 N HCI,
followed by neutralization with 10% (vol/vol) ammonium hydroxide. The amount of released
dye was quantified by measuring the absorbance of the extracted dye in solution at 405 nm.

Osteocalcin immunohistochemical staining. Immunohistochemical staining for osteocalcin was
performed using Vectastain Universal Elite ABC Kit (Vector Laboratories, Burlingame, CA).
Samples were fixed in 10% NBF and washed with 0.05% Tween 20 in PBS. Following fixation,
samples were treated with 3% hydrogen peroxide in methanol at room temperature for 10
minutes, blocked with horse serum for 20 minutes at room temperature, and then incubated for
three hours at room temperature with 20 pg/mL mouse anti-bovine osteocalcin antibody (clone
OCG4; Affinity BioReagents, Golden, CO) diluted in 0.3% Triton X-100 in PBS. Secondary
biotinylated antibody and 3,3'-diaminobenzidine (DAB) substrate were then applied. The stained
samples were dehydrated in an ethanol gradient. Negative controls were achieved by omitting the
primary antibody.

Immunofluorescence staining of cytoskeletal proteins. VICs on collagen matrices were fixed in
10% NBF, followed by permeabilization with 0.1% Triton-X and rinsing with PBS. Samples
were blocked with 3% bovine serum albumin to minimize non-specific binding. To stain for -
smooth muscle actin (a-SMA), monoclonal mouse anti-a-SMA antibody (1:100 dilution; Clone
1A4) and Alexa Fluor® 568 goat anti-mouse antibody (1:100 dilution) were used. Filamentous
(F)-actin was stained by fluoroscein isothiocyanate (FITC)-conjugated phalloidin (1:100
dilution). Nuclei were stained with Hoechst 33242 dye (1:1000 dilution). Samples were mounted
on microscope slides with PermaFluor and were examined under a fluorescence microscope
(Model IX71, Olympus, Center Valley, PA).

Disruption of actin cytoskeleton. VICs were treated with 0.4 nM of Swinholide A (SWA) after
six days of culture on compliant or stiff matrices in calcifying media. Medium with fresh SWA
was exchanged every 24 hours for two days. After two days of treatment with SWA, expression
of a-SMA and F-actin were analyzed with immunostaining and the number of aggregates was
recorded.

Response to TGF-A1. In a separate set of experiments, VICs were cultured on compliant and

stiff matrices and were immediately treated with calcifying media (containing 10% FBS) and 5
ng/mL of TGF-B1 for five days to induce SMA expression. The FBS used in these experiments
was reported by the manufacturer to contain 10-22 ng/mL TGF-3 (equivalent to 1-2.2 ng/mL in
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the calcifying media). We attempted to reduce the baseline TGF-B1 concentration in the media
by using 1% FBS, but this resulted in a significant reduction in proliferation and no formation of
calcified aggregates after up to 10 days on both compliant and stiff matrices, even with the
addition of exogenous TGF-B1. Responsiveness of VICs to TGF-1 was also determined by
measuring the transcript expression of TGF-B1 receptor I and II by RT-PCR using the following
primers sequence: (1) TGF-B1 receptor I, accession number: AB182260.1, forward primers: 5°-
gacggcattccagtgtttct-3” and reverse primer 5’-tgcacatacaaatggcectgt-3") and (2) TGF-B1 receptor
I, accession number: EF396957.1, forward primers: 5’-cagggaagaacgttcatggt-3’ and reverse
primer 5’-ccaaccaaagctgagtccat-3’).

Transforming growth factor (TGF)-81 expression. VICs were grown on compliant or stiff
matrices for eight days, with media changes every two days. 48 hour conditioned media was
collected on the last day of culture. TGF-B1 in the conditioned media was measured using the
TGF-B1 Emax® ImmunoAssay System (Promega, Nepean, ON) according to the manufacturer’s
directions. Briefly, TGF-B1 coat monoclonal antibody, which binds to soluble TGF-f1, was
adhered to the surface of a 96-well microtiter plate. Samples for generating the standard curve
and the test samples were applied to each pre-coated well. Samples were incubated with anti-
TGF-B1 polyclonal antibody, followed by incubation with a species-specific antibody conjugated
to horseradish peroxidase. Colorimetric development was achieved by the addition of TMB One
solution. The reaction was stopped by 1 N hydrochloric acid. Absorbance was read at 450 nm on
a plate reader and then normalized by total cell number per sample.

Contraction-dependent apoptosis. VICs were cultured on constrained collagen gels for six days
with osteogenic media at a cell density of 10,000 cells/cm”. Cellular contraction was induced by
releasing the gels from the walls of the culture wells. Cells were stained with APOPercetage™
dye after 0, 0.5, and 3 hours of gel release to detect the presence of apoptosis. The level of
apoptosis was quantified colorimetrically (absorbance at 550 nm) upon dye release. In a separate
experiment using the same culture methodology, proteins were extracted from cells after 0 and 1
hour of gel release, followed by western blot for the detection of total Akt and phosphorylated
Akt.

Statistical analysis. Results are presented as mean * standard error. Unpaired Student’s t-test
was used for comparisons between two groups. ANOVA and Fisher’s least significant difference
test were used to evaluate statistical significant differences in multiple group comparisons.
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Supplemental Figure 1. Characterization of collagen matrices. SEM images of thick
(A) and thin (B) collagen matrices. (C) Comparison of fibril diameters. (D) Initial
effective stiffness of collagen matrices in compression, * P < 0.05.
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Supplemental Figure 11. Characterization of the collagen content and the stiffness of the
matrices over the course of cell culture. (A,B) Data were expressed as percentage of
collagen remaining relative to day 0. (A) Significant collagen degradation was observed in
compliant matrices after eight days of culture (* P < 0.05, compared to gels from day 0 and
day 3). (B) Content of collagen remained relatively constant for the stiff matrices. Stiffness
of compliant matrices (C) and stiff matrices (D) did not change significantly over the
culture duration.

70f9

Downloaded from atvb.ahajournals.org at University of Toronto on May 22, 2009


http://atvb.ahajournals.org

Supplemental Material Yipetal.,, ATVB

A O Compliant matrices B

@ H Si i -

S 400 - Stiff matrices N 1000

= 300 * 8097

2 a 600 -

© 200 ~

5 400 +

2 100 -~ 200 -

E o 0

pa 4days 6days 8days 4days 6days 8days

Culture duration

Supplemental Figure I11. Cellular proliferation. Proliferation of VICs in DMEM (A),
and calcifying media (B) after eight days in culture, * P < 0.05..
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Supplemental Figure 1V. ARS staining for
calcium expression on compliant (A) and
stiff (B) matrices.
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Supplemental Figure V.. F-actin expression. Expression of F-actin (green) by VICs
(nuclei counterstained blue) without SWA treatment (A) and after SWA treatment (B).
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Supplemental Figure V1. Transcript expression of TGF-greceptors | and 11 in healthy,
freshly isolated VICs as well as in VICs cultured on compliant and stiff matrices, * P <

0.05.
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