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Valvular interstitial cells (VICs) are key regulators of the heart valve's extracellular matrix (ECM), and
upon tissue damage, quiescent VIC fibroblasts become activated to myofibroblasts. As the behavior of
VICs during disease progression and wound healing is different compared to healthy tissue, we hy-
pothesized that the organization of the matrix mechanics, which results from depositing of collagen
fibers, would affect VIC phenotypic transition. Specifically, we investigated how the subcellular organi-
zation of ECM mechanical properties affects subcellular localization of Yes-associated protein (YAP), an
early marker of mechanotransduction, and a-smooth muscle actin (2-SMA), a myofibroblast marker, in
VICs. Photo-tunable hydrogels were used to generate substrates with different moduli and to create
organized and disorganized patterns of varying elastic moduli. When porcine VICs were cultured on
these matrices, YAP and a-SMA activation were significantly increased on substrates with higher elastic
modulus or a higher percentage of stiff regions. Moreover, VICs cultured on substrates with a spatially
disorganized elasticity had smaller focal adhesions, less nuclear localized YAP, less a-SMA organization
into stress fibers and higher proliferation compared to those cultured on substrates with a regular
mechanical organization. Collectively, these results suggest that disorganized spatial variations in me-
chanics that appear during wound healing and fibrotic disease progression may influence the mainte-
nance of the VIC fibroblast phenotype, causing more proliferation, ECM remodeling and matrix
deposition.
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1. Introduction to an activated myofibroblast phenotype with more contractility,
higher matrix metalloproteinase (MMP) activity and more collagen
production [2—5].

Under normal physiological conditions, the ECM that VICs syn-

Valvular interstitial cells (VICs), the most abundant cell type in
heart valve tissue, actively regulate the structure and composition

of the extracellular matrix (ECM) during wound healing and dis-
ease progression [1,2]. VICs fulfill their functional role in ECM
remodeling by transitioning from a quiescent fibroblast phenotype
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thesize and reside in has a highly organized distribution of collagen
fibers [6], but during disease progression and wound healing, the
organization of the collagen fibers that are newly synthesized by
VICs is disturbed and alignment is lost [7]. Deposition of more
collagen fibers results in a higher stiffness of the ECM, and the
disorganization of new deposited collagen fibers leads to spatial
variation of matrix mechanics [8,9]. In vivo studies showed that
disorganized collagen deposition is a common phenomenon in
different types of tissue. As one specific example, the group of
Scully demonstrated that during valve fibrosis and heart disease
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progression with age, collagen fibers in human aortic heart valves
become disorganized and lose alignment [7]. Collagen organization
has also been studied during wound healing processes. Doillon and
co-workers observed that the collagen distribution was poorly
organized during wound healing in a full thickness defect in rat
skin [10]. Furthermore, the group of Bodi showed that in swine, and
more importantly in human, the collagen organization at the outer
region of the myocardial infarcted area was more disorganized and
random compared to the core region [11]. Other mechanical
properties that changed during valvular ECM remodeling have
been shown to affect VIC phenotypic change and functions, for
example stress relaxation [12] and transvalvular pressure [13]. For
this manuscript, we are specifically interested in the effect of ran-
domized stiffness organization, which results from new deposited
collagen fibers on VIC phenotypic change.

The observations of disorganized collagen distributions in vivo
for fibroblast-rich regions also corresponded with findings from
in vitro studies with VICs using a scratch wound model. At the edge
of the wound, VICs were found to be more proliferative and to form
more o-smooth muscle actin (¢-SMA) fibers compared to VICs
distal from the wound's edge [14]. Based on the different behavior
of VICs as a function of their matrix environment and organization,
the question arose if it was the organization of the ECM or the
change in overall stiffness of the local microenvironment that
affected VIC proliferation and phenotypic transition during disease
progression and wound healing. We hypothesized that local vari-
ations in matrix mechanics (e.g., from organized to disorganized)
would influence the phenotypic properties of VICs through a
mechanotransduction process [15].

To test this hypothesis, we used a synthetic hydrogel platform
with photo-tunable mechanical properties that allows us to
spatially vary the matrix mechanics, as the nitrobenzyl groups in
our hydrogel platform enable spatial control over the crosslinking
density [15—17]. Photomasks with different lithographic patterns
were used to fabricate hydrogels with patterned mechanical
properties, both organized and disorganized, through photo-
degradation. Subsequently, porcine VICs, which similarly to other
sources of fibroblasts, can undergo a fibroblast-to-myofibroblast
transition, were cultured on these hydrogel substrates and VIC
activation was characterized by the appearance of organized a-SMA
stress fibers, a key myofibroblast marker [2,18—21]. During the
transition into myofibroblasts, VICs form a-SMA stress fibers in the
cytoplasm (a-SMA activated cells or activated VICs), while a diffuse
a-SMA expression in the cytoplasm (a-SMA deactivated cells or
deactivated VICs) has been observed for quiescent fibroblasts
[2,20,21].

Yes-associated protein (YAP), a transcriptional co-activator that
shuttles from the cytoplasm to the nucleus (YAP activation), is an
indicator for cell mechanotransduction [22]. The foundation and
majority of studies about YAP as a mechanotransduction indicator
have been completed using mesenchymal stem cells as a model
[23,24], but some recent studies with myofibroblasts have also
shown that YAP activation is involved during the transition from
fibroblasts into myofibroblasts [25—27]. However, our knowledge
about how YAP is involved in the mechanotransduction process for
VICs is still limited, especially the relationship and temporal order
between the intracellular localization of YAP and a-SMA activation.
Therefore, studies were conducted to investigate the relationship
between YAP and o-SMA activation as a function of time and how
mechanotransduction affects the VICs phenotypic transition. Ulti-
mately, these studies provide insight into the impact of the orga-
nization of matrix mechanics on a wide range of VIC functions, as
well as the role of mechanotransduction through YAP signaling on
the VIC phenotypic transition.

2. Materials and methods
2.1. Synthesis of photo-degradable hydrogel components

Poly(ethylene glycol) di-photodegradable acrylate (PEGdiPDA)
was synthesized and characterized as previously described [13,14].
Briefly, 4-[4-(1-acrylethyl)-2-methoxy-5-nitrophenoxy]butanoic
acid (8 eq.) and poly(ethylene glycol) bis-amine (M, ~ 3400 Da;
Laysan Bio Inc.) (1 eq.) were dissolved in N-Methyl-2-pyrrolidone
(NMP) (156 mmol). (1-[bis (dimethylamino)methylene]-1H-1,2,3-
triazolo [4,5-b]pyridinium 3-oxid hexafluorophosphate) (HBTU)
(9 eq.) and 1-hydroxybenzotriazole (HOBt) (9 eq.) were added and
allowed to react over night. The product was precipitated in ice-
cold diethyl ether and dialyzed against water (SpectraPor 7,
MWCO 2000 Da; Spectrum Labs). Purity and conjugation was
confirmed by 'H NMR (~90% conjugation). The adhesive peptide,
OOGRGDSG (diethylene glycol-diethylene glycol-glycine-arginine-
glycine-aspartic acid-serine-glycine), was synthesized on a Tribute
peptide synthesizer (Protein Technologies) using standard Fmoc
solid phase peptide synthesis protocols [15]. The N-terminal amine
was coupled with acrylic acid using HATU conditions on resin to
yield the Acryl-OOGRGDSG monomer (acrylated RGD) [15]. The
peptide was cleaved from the resin in 1 h (95% TFA, 2.5% triiso-
propylsilane (TIPS) and 2.5% DI H,0). This mixture was precipitated
in ether and centrifuged. The peptide was washed with ether and
centrifuged two additional times and then dried under vacuum.
Peptide purification was conducted using semi-preparative
reversed-phase high performance liquid chromatography (RP-
HPLC; Waters 2767, 2489, 2545) with a gradient of 5:95 acetoni-
trile:water with 0.1% (vol/vol) TFA over 70 min at 20 mL/min on a
C18 5 pm preparation column. The purity of peptides was
confirmed by matrix-assisted laser desorption-ionization time-of-
flight mass spectrometry using ¢.-cyano-4-hydroxycinnamic acid as
a matrix. (MALDI-TOF MS, Applied Biosystems DE Voyage) as pre-
viously described in Ref. [15].

2.2. Photo-degradable hydrogel formulations

Photo-degradable hydrogels were polymerized as described
previously [15]. Briefly, PEGdiPDA was copolymerized with PEG
monoacrylate, M, ~400 Da (PEG400A) (Monomer-Polymer and
Dajac Laboratories, Inc.) and acrylated RGD through a redox-
initiated free radical polymerization in PBS. Gel solutions were
prepared with 5.25 wt% PEGdiPDA, 7.25 wt% PEG400A, 2.5 mM
acrylated RGD and 200 mM ammonium persulfate (APS). A final
concentration of 100 mM tetramethylethylenediamine (TEMED)
was added to initiate the polymerization. Gels were formed in
6 min on acrylated cover glass with a 12 mm diameter.

2.3. Rheological characterization of bulk hydrogel properties

The dynamic moduli of hydrogels both before and during photo-
degradation were measured on a Discovery Hybrid Rheometer (TA
Instruments) at room temperature. Optically thin hydrogels with a
thickness of 100 um were formed in situ between a Quartz bottom
plate and an 8 mm diameter stainless steel upper plate. The gel
network evolution was monitored using a dynamic time sweep at
1% strain and an angular frequency of 3 rad/s. After the storage
modulus (G') reached its plateau at 3.37 + 0.02 kPa, degradation
was started by collimated 365 nm light (Io = 10 mW/cm?; Omnicure
1000, Lumen Dynamics), and the change in G’ was monitored using
the same dynamic time sweep parameters until the G’ reached
1.93 + 0.17 kPa, 1.31 + 0.02 kPa and 0.69 + 0.03 kPa, respectively.
Young's modulus was calculated with E = 2 * (1 + v) *G’, where a
Poisson's ratio (v) of 0.5 for the PEG hydrogels was assumed [28].
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This led to Young's moduli around 10, 6, 4 and 2 kPa. Young's
modulus will be reported to indicate the modulus of the hydrogels
for all subsequent discussions.

2.4. Photopatterning to generate hydrogels with spatially varying
mechanical properties

Hydrogels with spatially varying moduli were fabricated by
controlled illumination using chrome photo-masks (Photoscience
Inc.). For all experiments, initial hydrogel formulations had a
Young's modulus (E) of 10 kPa. Thus, unexposed regions remained
at 10 kPa, while the exposed areas underwent photodegradation to
reduce the local modulus. These regions were exposed to colli-
mated 365 nm light for 400 s (Iy = 10 mW/cm?; Omnicure 1000,
Lumen Dynamics), which led to a reduction in E to 4 kPa. A series of
masks with regularly and randomly spaced squares allowed for
controlled illumination of the underlying hydrogel substrate. Each
patterned region was 2 um by 2 um which is similar in size with a
mature focal adhesion [15]. The repeat unit of the regular and
random pattern was 50 um by 50 pum, so that each individual VIC
sensed the same stiffness organization on the same substrate. The
masks were selected to allow for 0, 25, 50, 75, 89, or 100% of light
transmission, which then yielded hydrogels with both “stiff”
(10 kPa) and “soft” (4 kPa) regions at a stiff-to-soft ratio of 100:0,
75:25, 50:50, 25:75, 11:89, and 0:100.

2.5. Atomic force microscopy characterization of spatially varying
hydrogel properties

Atomic force microscopy (MFP-3D Classic, Asylum Research)
was used to measure the spatially varying elastic moduli of the
patterned PEGdiPDA hydrogels. Briefly, force-spectroscopy was
performed at each point in a 64 x 64 square grid over a
10 pum x 10 um area, resulting in “force-volume” modulus maps for
hydrogels with regular and randomized patterns. The measure-
ments were conducted in deionized water at room temperature
using the fluid cell lite assembly for the MFP-3D Classic. Triangular
SiN cantilevers with sharp Si tips (Bruker SNL-10 cantilevers with a
nominal radius R = 2 nm) were used to minimize the interaction
volume between measurements. Each probe was calibrated using
the thermal fluctuation method [29] and imaged via scanning
electron microscopy (SEM); the resulting values for the spring
constant of the probe k. varied from 0.09 N/m to 0.16 N/m and the
half-angle of the tip o varied from 18° to 24°. AFM force-
displacement (F-d) data were acquired as the probe tip was
loaded and unloaded from the hydrogel surface. The maximum
force was 5 nN, and the displacement rate during loading and
unloading was constant at 10 um/s. F-d curves were converted to
force-deformation (F-3) data by subtracting cantilever deflection.
The loading portion of each F-d data set was fit to an analytical
model for a rigid conical tip in contact with an elastic half-space
[30] to find Young's modulus E, using an average value for o from
SEM, an assumed Poisson's ratio for the hydrogel (v = 0.5), and E as
the sole fitting parameter. The height difference between the stiff
and soft regions is slightly larger than that depicted in AFM images
given the difference in moduli between the two regions.

2.6. Valvular interstitial cell isolation and culture

Valvular interstitial cells (VICs) were isolated from fresh porcine
hearts (Hormel) as previously described [31]. Briefly, porcine aortic
valve leaflets were excised from the hearts, rinsed in Earle's
Balanced Salt Solution (Life Technologies) with 1% penicillin-
streptomycin (Life Technologies) and 0.5 mg/mL fungizone (Life
Technologies) and subsequently incubated in a collagenase solution

(250 units/mL, Worthington) for 30 min at 37 °C. Endothelial cells
were removed by vortexing and centrifugation, followed by
another incubation in collagenase solution for 60 min at 37 °C.
Filtration of the solution with a 100 um cell strainer was conducted
to separate VICs from the remaining extracellular matrix. Next, VICs
were pelleted by centrifugation and then re-suspended in growth
media, Media 199 (DMEM, Gibco Life Technology #11150-059)
supplemented with 15% fetal bovine serum (FBS, Life Technologies),
2% penicillin-streptomycin, and 0.5 mg/mL fungizone. The isolated
VICs were expanded on tissue culture polystyrene (TCPS) until 80%
confluence and frozen down in FBS containing 20% DMSO and
stored in liquid nitrogen as Passage 1 (P1). P2 to P4 VICs were
generated by expanding the P1 stock in growth media (DMEM
supplemented with 15% FBS, 50 U/ml penicillin, 50 mg/mL strep-
tomycin and 1 mg/mL fungizone), and P2 to P4 VICs were used in all
the reported experiments. VICs were cultured on TCPS in growth
media at 5 x 10° cells/cm? for two days prior to seeding on
hydrogels at 10,000 cells/cm? in media with a serum level of 1% FBS.
1% FBS was selected to reduce proliferation and minimize differ-
ences in cell density across the hydrogel conditions. Hydrogel
samples were then transferred to a new plate with fresh media 24 h
post cell seeding to eliminate any confounding influence of VICs
that attached to the TCPS instead of the hydrogels. Samples were
fixed 24, 72 or 120 h after cell seeding. In order to provide sufficient
time for cell attachment and spreading on the substrates from
suspension in the medium, 24 h was chosen as the first time point
for focal adhesion and YAP activation analyses.

2.7. Immunostaining

VICs were fixed in 4% paraformaldehyde for 45 min at room
temperature, rinsed in PBS twice, and then permeabilized using
0.1% TritonX-100 in PBS for 1 h. Next, samples were blocked in 5%
bovine serum albumin (BSA) overnight at 4 °C to minimize non-
specific protein binding. Anti-YAP (1:250, mouse, Santa Cruz) and
anti-aSMA (1:200, rabbit, Invitrogen) primary antibodies in 5% BSA
were applied to samples and incubated for 1 h at room tempera-
ture. Anti-paxillin (1:400, mouse, Thermofisher scientific) primary
antibody in 5% BSA was applied to samples and incubated over
night at 4 °C. Primary antibodies were removed by rinsing in PBST
(0.5 wt% Tween-20 in PBS) two times for 10 min. Samples were
then incubated at room temperature with secondary antibodies
(1:1000, goat anti-rabbit AlexaFluor 488; goat anti-mouse Alexa-
Fluor 647, invitrogen), phalloidin (1:1000, Sigma Aldrich) and DAPI
(1 mg/mL; Sigma) in 1% BSA. After 1 h, the secondary antibody
solution was removed and the samples were rinsed three times for
10 min with PBST. All immunostained samples were stored in PBS at
4 °C until imaging (Operetta; Perkin Elmer). Although transcrip-
tional coactivator with PDZ-binding motif (TAZ) has been identified
as an important mechanotransducer in fibroblasts besides YAP, only
staining with YAP was performed in this study as TAZ is paralog of
YAP and they are always colocalized with each other when being
activated and deactivated.

2.8. RNA isolation and quantitative real-time polymerase chain
reaction

Quantitative real-time polymerase chain reaction (qRT-PCR)
was used to quantify the mRNA expression levels of «-SMA and
Collagen 1A1 (COL1A1) relative to the reference gene for ribosomal
protein L30. RNA was isolated from VICs on 3 substrates (A
~1520 pm?) 72 h after seeding onto the hydrogels by using TriRe-
agent (SigmaAldrich) following manufacturer's instructions. RNA
was precipitated by 2-propanol (SigmaAldrich) and RNA pellets
were washed twice with 75% ethanol. After re-suspension of the
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pellets in water, RNA quantity and purity was measured via spec-
trophotometry (ND-1000; NanoDrop). cDNA was synthesized from
total RNA using the iScript Synthesis kit (Bio-Rad). Relative mRNA
expression levels were measured via qRT-PCR using SYBR Green
reagents (Bio-Rad) on an iCycler (Bio-Rad) and normalized to a
reference gene, ribosomal protein L30, in experimental samples.
Three technical replicates were performed for each biological
replicate. Primer sequences are listed in Table 1.

2.9. VIC proliferation

The proliferation of VICs as a function of hydrogel substrate
stiffness organization was monitored in both 1% and 15% FBS, cor-
responding to conditions for low and high levels of VIC prolifera-
tion. To quantify proliferation, 10 puM EdU in PBS (ThermoFisher,
Cat# C10340) was added to the culture at 36 h and allowed to
incubate for another 36 h before fixation. The samples were sub-
sequently rinsed in 3% BSA twice, followed by permeabilization in
0.1% TritonX-100 in PBS for 1 h. After rinsing with 3% BSA, samples
were incubated with the Click-iT reaction cocktail prepared from
the Click-iT EAU Alexa Fluor 647 kit (ThermoFisher, Cat# C10340)
for 30 min at room temperature. Samples were washed once with
3% BSA and once with PBS. After this, immunostaining was
continued as described before. Mitomycin C (Sigma-Aldrich, Cat#
M4287) was added at a concentration of 10 pug/mL 24 h after
seeding during the proliferation inhibition experiments. After in-
cubation with Mitomycin C for 2 h, two 1 h washes with 1% FBS
medium without Mitomycin C were performed to wash away the
excess Mitomycin C.

2.10. VIC-hydrogel interactions: morphology, focal adhesions,
proliferation and activation

Morphology and activation were analyzed using Harmony High
Content Imaging and Analysis software (Perkin Elmer). This soft-
ware has been widely applied for acquisition and quantitative an-
alyses of fluorescent immunostaining images [32]. For nucleus and
cell morphology, nuclear and cytoplasmic outlines were identified
based on DAPI and F-actin staining, respectively, using the Find
Nuclei and Find Cytoplasm building block. The area and roundness
were quantified by using the Calculate Morphology Properties
building block. YAP activation was quantified by first measuring the
mean intensity of the YAP staining in the nucleus area and cyto-
plasm area using the Calculate Intensity Properties building block.
In the Define Results building block, cells with a 1.7 times higher
YAP intensity were classified as YAP activated cells. The threshold of
1.7 was chosen based on the scatterplot of the ratio between the
YAP intensity in the nucleus and the YAP intensity in the cytoplasm.
This also matched with manual counting. a-SMA activation was
counted manually based on stress fiber formation in the cytoplasm.
VICs with a-SMA stress fiber formation were classified as a-SMA
activated cells. The focal adhesion area was measured with Image].
The background was subtracted using a rolling ball radius of 10
pixels. The image was thresholded, made binary, and the area was
calculated by the Analyze Particles function. During the analyses,
large cell clusters were avoided and only single isolated cells and

Table 1
Primer sequences for qRT-PCR.

Gene Forward primer (5'-3") Reverse primer (5'-3')

L30 GCTGGGGTACAAGCAGAC AGATTTCCTCAAGGCTGG
a—SMA  GCAAACAGGAATACGATGAAGCC AACACATAGGTAACGAGTCAGAGC
COL1A1T GGGCAAGACAGTGATTGAATACA GGATGGAGGAGTTTACAGGAA

cells that barely touch boundary were analyzed.
2.11. Statistical analysis

For each experiment, at least 3 biological replicates were per-
formed using different pools of porcine hearts with 3 technical
replicates in each biological replicate. Each pool of porcine VICs
consists of at least 10 porcine hearts. For morphology, proliferation
and activation analyses, at least 200 cells were analyzed per con-
dition per technical replicate. For focal adhesions, at least 20 cells
were analyzed per technical replicate. Data were compared using
one-way ANOVAs and Bonferroni post-tests in Prism 7 (GraphPad
Software, Inc) unless otherwise stated. Data is presented as
mean + standard error.

3. Results
3.1. VICs sense matrix mechanics within a narrow range

The VIC fibroblast-to-myofibroblast transition is known to
depend on the chemistry and mechanics of the VIC's surrounding
microenvironment [20,33—37]. Here, we were particularly inter-
ested in VIC mechanosensing and the role of extracellular matrix
mechanics and its organization on VIC activation. For these exper-
iments, VIC myofibroblast activation was characterized by a-SMA
fiber formation and mechanosensing through nuclear localization
of the transcription co-activator YAP. To control the VIC microen-
vironment, hydrogels with tunable material properties were syn-
thesized by copolymerizing PEG monoacrylate (PEG400A)
molecules with PEG diacrylate (PEGdiPDA) crosslinkers, containing
photodegradable nitrobenzyl ether groups [15,17] (Fig. 1A). The
formulation also included an acrylated-RGD adhesive peptide
sequence as a pendant functionality to promote VIC attachment to
the PEG-based hydrogels. The PEGdiPDA crosslinker enables photo-
controlled cleavage and control of the hydrogel crosslinking den-
sity, and subsequently the material modulus. Here, 365 nm light
(intensity Iy — 10 mW/cm?) was used to soften the hydrogel system
uniformly, but also in a spatially defined manner by controlled
illumination.

First, hydrogel formulations with an initial storage modulus (G')
of 3.37 + 0.02 kPa and Young's modulus (E) of ~10 kPa were syn-
thesized [28], and subsequently degraded by 10 mW/cm? of
365 nm light for 475 s, 400 s or 200 s. By controlling the light dose,
hydrogels with varying G were fabricated, ranging from
0.69 + 0.03 kPa, 1.31 + 0.02 kPa and 1.93 + 0.17 kPa, which corre-
sponded to E of ~2 kPa, 4 kPa and 6 kPa, respectively (Fig. 1B). The
viscous modulus (G”) was consistently several orders of magnitude
lower than the elastic modulus (G’), both before and after light
exposure (Fig. 1C), so results primarily report on the elastic
component of the modulus. From now on, E will be used to refer-
ence each hydrogel substrate. It is also important to note that for
these degradation conditions and RGD concentrations, minimal
changes (less than 5%) in the adhesive ligand density were
observed upon photodegradation [15]. This is because the adhesive
ligands are conjugated to the nondegradable kinetic chains, thus
remained relatively unaffected during photodegradation.

Porcine VICs were cultured on PEG hydrogels with varying
moduli for 72 h to allow establishment of mature matrix in-
teractions and a-SMA stress fiber formation [26]. VICs on the stiffer
substrates (6 kPa and 10 kPa) formed distinct a-SMA stress fibers
compared to those cultured on the softer substrates (2 kPa and
4 kPa), where a-SMA was diffusely distributed throughout the
cytoplasm based on immunostaining as shown by representative
images in Fig. 2A. Specifically, the inset image of 4 kPa represented
diffuse a-SMA, where no stress fiber can be found in the cytoplasm,
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Fig. 1. VICs culture platform chemistry with degradation dynamics. A: Copolymerization of PEG400A and PEG with a photodegradable linker creates gels composed of pol-
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article.)

and the inset image of 10 kPa represented a-SMA stress fiber for-
mation in the cytoplasm.

Additionally, YAP nuclear localization in VICs responded to
substrate stiffness consistently with their myofibroblastic activa-
tion. Namely, on the stiffer substrates (6 and 10 kPa), YAP was found
to be localized in the nuclei in more than 70% of the VIC population
(73% for 6 kPa substrate and 76% for 10 kPa substrate). In contrast,
only 50% and 40% of VICs were found to have nuclear YAP on 2 kPa
and 4 kPa hydrogel substrates respectively (Fig. 2B(i)). This statis-
tically significant difference in YAP localization was also shown by
representative images in Fig. 2A, 10 kPa for nuclear-localized,
activated YAP and 4 kPa for cytoplasmic-diffused, deactivated
YAP. These results indicate that VICs are capable of perceiving a
difference in the substrate moduli within a narrow range from 4 to
6 kPa based on YAP subcellular localization and «-SMA stress fibers
formation.

Further investigation related to VIC morphology on these sub-
strates was conducted to determine if VIC-matrix interactions (e.g.,
as measured by cell area and circularity) were significantly different
over this moduli range. In particular, we aimed to avoid con-
founding effects in cellular signaling, as cell morphology has been
previously reported to be an independent factor that can overwrite
cell fate regardless of matrix mechanics [23,38]. Results show that
VICs maintained similar morphologies, in both cell area and
circularity, on the 4, 6 and 10 kPa substrates (Fig. 2B(ii)). However,
VICs cultured on the 2 kPa substrate were significantly smaller and
showed a more rounded morphology, which was statistically
different compared to those on 4, 6 and 10 kPa substrates
(Fig. 2B(ii)).

Moreover, cell nuclear shape has been previously studied as an
important measure of mechanical sensing, and more specifically an

indicator of cytoskeleton organization, cell morphology and dif-
ferentiation of mesenchymal stem cell [39—42]. Thus, nuclear
shape factors (area and circularity) were analyzed, and no signifi-
cant differences were observed among VICs cultured on the 4, 6 and
10 kPa hydrogels (Supplemental Fig. 1). Importantly, a different
nuclear morphology was only observed for VICs cultured on 2 kPa
substrate, specifically a smaller nuclear area and higher circularity.

Based on these results, the 4 kPa and 10 kPa hydrogels were
chosen as the soft, de-activating and stiff, activating substrates,
respectively, to stimulate two different mechanosensing pathways
in VICs and to study the effect of spatial organization of the matrix
mechanics on VIC phenotypic changes. This narrow mechanics
range has the same magnitude as physiologically relevant moduli
[43] of the heart valve and minimized the change in chemical
properties.

In order to confirm our conclusion that VICs can sense the
moduli difference between 4 kPa and 10 kPa, mRNA expression
levels of a-SMA and Collagen 1A1 were quantified by quantitative
real-time polymerase chain reaction (qRT-PCR). As shown in
Supplemental Fig. 2, mRNA expression levels of both genes were
significantly up-regulated for VICs on stiff (10 kPa) substrates
compared to VICs on soft (4 kPa) substrates, which is consistent
with the a-SMA activation trend observed by immunostaining.
Therefore, we strengthen our conclusion that VICs are capable of
sensing the difference of moduli between 4 kPa and 10 kPa, inde-
pendently of cell morphology.

3.2. Fabrication of spatially patterned hydrogel matrix mechanics

To understand how spatial variations in extracellular matrix
mechanics might influence VIC mechanosensing and, ultimately,
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Fig. 2. Characterization of YAP and a-SMA activation on uniform substrates. A: Immunostaining of VICs on soft (4 kPa) and stiff (10 kPa) hydrogel surfaces after culturing for
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article.)

their myofibroblast phenotype, PEG hydrogels with spatially vary- introduced as shown in Fig. 3A. Regular patterns with different
ing mechanical properties were fabricated. Lithographic masks of percentages of stiff, 10 kPa regions (11%, 25%, 50%, 75%) were
2 um by 2 um squares were used to create patterns of illuminated created in the unexposed areas, while the exposed areas were the
light, and based on exposure time and ratio of light to dark squares, soft, 4 kPa regions (89%, 75%, 50%, 25%), correspondingly. Besides
patterns in mechanical properties across the hydrogel surface were regular patterns with different percentages of stiff versus soft
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regions, randomized patterns with the same ratio of stiff and soft
regions were designed (Fig. 3A and Supplemental Fig. 3) [15]. More
specifically, as shown in Supplemental Fig. 3, a 50 um by 50 pm
repeat unit was repeated throughout the substrate surface, in order
to have each individual cell sense the same stiffness organization.
The substrates with random patterns were selected to study the
effect of heterogeneous versus organized variations in the

extracellular matrix mechanical environment on VIC activation.
Finally, uniformly 4 kPa (0% stiff region) and 10 kPa (100% stiff re-
gion) hydrogels were used as the soft and stiff controls.

To confirm the rheological measurements and to demonstrate
the fidelity of the pattern transfer with exposure conditions, atomic
force microscopy (AFM) was used to map the spatial variations in
the hydrogel modulus. Representative images for the 75% and 11%

A

i A
HEERER

o 2

2 pm
Regular iﬁ
11 _H
Random #i:_
Percgntage 0% 11% 25%
of stiff area

50% 75% 100%

Fig. 3. Characterization of patterned substrates. A: An illustration of VICs seeded on hydrogel surfaces with different organizations of stiff regions (Modified from [15]). The
percentages of stiff area is varied together with the organization (regular/random) of these areas. Black indicates areas that are covered with the photomask allowing them to retain
the initial modulus of 10 kPa. The white squares indicate areas that are exposed to the UV light, resulting in degradation to 4 kPa. Each small square is 2 um x 2 pm and each repeat
unit is 50 pm x 50 pm. B: AFM elastic moduli maps of (i) 75% stiff (regular pattern), (ii) 11% stiff (regular pattern), and (iii) 75% stiff (random pattern) hydrogels. (iv) Elastic modulus
E and surface height h as a function of position x for cross-section AA’ in (ii). Scale bars = 2 um.
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stiff regular patterns and the 75% stiff random pattern are shown in
Fig. 3B (i), (ii), and (iii), respectively. As shown in the AFM mea-
surements, the spatial variations in E correspond to the photomask
lithographic patterns, indicating successful pattern transfer during
the photodegradation process. In addition, it is evident from the
cross-sectional data in Fig. 3B (iv) that the modulus data from the
AFM measurements are in good agreement with data from the bulk
rheological measurements, with the stiff and soft regions exhibit-
ing E values ~10 kPa and ~4 kPa, respectively. The cross-sectional
topography data from the same region in Fig. 3B (iv) also in-
dicates that the photodegradation process resulted in spatial vari-
ations in mechanical properties with minimal changes in
topography. At the stiff-to-soft boundary, the hydrogels exhibit a
~200 nm change in surface height based on AFM measurement, and
hence maintain a constant adhesive area cross conditions of
different stiff-to-soft ratios, as also demonstrated in previous work
[15].

3.3. a-SMA and YAP activation in VICs depend on local variations in
the matrix mechanics

To test the hypothesis that matrix mechanics influences VIC
mechanotransduction and myofibroblastic activation in a manner
that depends on the magnitude and organization of spatial stiff-
ness, porcine VICs were cultured on hydrogel substrates with
different percentages of stiff regions in both regular and random
patterns. 2-SMA and YAP activation was measured. First, no sta-
tistically significant differences were observed in the cell or nucleus
morphology between any of the substrates (Supplemental Fig. 4).
Moreover, VICs cultured on regularly-patterned substrates with a
higher percentage of stiff regions exhibited more a-SMA stress fiber
formation compared to VICs cultured on substrates with a higher
percentage of soft regions, as shown by representative images in
Fig. 4A. Namely, 34% and 82% of VICs were myofibroblasts on 11%
and 75% stiff substrates, respectively. Hence, a positive correlation
between a-SMA stress fibers formation and the percentage of stiff
regions was observed.

Similarly, VICs cultured on hydrogel substrates with randomized
patterns, showed statistically significant differences in a-SMA
expression between substrates with a higher percentage of stiff
regions and substrates with a higher percentage of soft region.
Specifically, VICs on 11% random and 75% random substrates were
26% and 45% a-SMA positive, activated myofibroblasts (Fig. 4B). The
trends of increasing a-SMA positive cells with increasing percent-
ages of stiff regions for regularly- and randomly-patterned matrix
mechanics variations support the notion that VICs sense variations
in the local stiffness and that this results in changes in the key
phenotypic marker.

Interestingly, a significant difference in the percentage of a-SMA
stress fiber positive cells (i.e., myofibroblasts) was observed be-
tween the regular and random patterns, even with the same ratio of
stiff to soft regions. For example, with 75% stiff regions, 82% versus
45% of VICs were myofibroblasts on regularly versus randomly
patterned substrates, respectively (Fig. 4A and B). Thus, VICs not
only respond in an integrated way to matrix mechanics, but the
organization of the local matrix and its properties appear to play a
role.

3.4. VICs proliferate more on matrices with random mechanical
patterns

The stark differences between myofibroblast activation on reg-
ular versus random patterns led us towards experiments to char-
acterize more directly whether VICs better maintain their quiescent
fibroblastic phenotypes on substrates with disorganized modulus

patterns. We hypothesized that the phenomenon might be related
to the fact that VICs proliferate more at the early stages of disease
development and wound healing processes, presumably to increase
the cell population for further ECM remodeling and tissue
deposition.

To test this hypothesis, VIC proliferation was measured after
72 h of culturing in medium with 1% FBS using EdU staining. Results
are presented in Fig. 5, and a significant difference was observed in
the percentage of VICs that were proliferating when cultured on the
75% regularly versus the 75% randomly patterned substrates. The
75% condition was selected based on the large differences observed
in a-SMA activation between the regular and random patterns
(Fig. 4). Consistent with previous characterization of VIC prolifer-
ation rates on hydrogels [44], the number of proliferating cells was
relatively low, below 10%. This result is also consistent with the fact
that medium with 1% FBS was used during the culture to maintain
consistent cell densities on the substrates throughout the duration
of the experiment [45]. However, when typical expansion medium
was used (15% FBS) [46], more striking differences were observed
between VIC proliferation on the 75% regular versus random
patterned matrices. As shown in Fig. 5A and Supplemental Fig. 5, on
the regular patterns, 32% of VICs were proliferating and recall that
78% of the cells were myofibroblasts. In contrast, on the randomly
patterned materials, only 35% of the cells were myofibroblasts, but
54% of the VICs were proliferating.

We hypothesized that the differences observed in proliferation
likely relate to the differences in VIC activation, so further analysis
was completed to ascertain the percentage of proliferating VICs
among the fibroblast versus myofibroblast populations. As shown
in Fig. 5B, for both VICs on the 75% regular and random patterns,
~20% of the VIC myofibroblasts were proliferating compared to
~70% of the VIC fibroblasts. In other words, the VIC fibroblastic
phenotype proliferates significantly more than the myofibroblastic
phenotype and this phenomenon was also observed in studies
about human dermal fibroblasts [47]. As the cytoskeleton and cell
morphology are altered during cell division, it might be possible
that a higher proliferation rate maintains the fibroblastic pheno-
type of VICs. To shed light on the causal relationship between
proliferation and the phenotypic change, Mitomycin C was used to
inhibit proliferation [48]. «-SMA activation was quantified after
72 h of culturing. As shown in Supplemental Fig. 4, proliferation
was inhibited for VICs seeded on both 75% regular and 75% random
patterns, while the differences of a-SMA activation between the
two conditions remained. Hence, we proved that proliferation is a
characteristic of the fibroblastic phenotype for VICs, instead of a
causation of phenotypic change.

3.5. YAP nuclear localization positively correlates with «-SMA
activation in VICs

As a transcriptional co-activator that also plays an important
role in mechanotransduction processes for various cell types
including VICs, YAP subcellular localization was used as a readout of
mechanical signaling [22] and correlated to VIC myofibroblast
activation [26,49]. We hypothesized that YAP activation in VICs
would be affected by spatial variations in matrix mechanics. When
VICs were cultured on substrates with a higher percentage of stiff
areas, higher nuclear localization of YAP was observed (Fig. 6A).
When the images were quantified, 33% of VICs showed nuclear
localized YAP on the 11% regular and 64% on the 75% regular sub-
strates. Fig. 6B plots the result for this analysis for all patterned
substrates, and a trend of increasing YAP activation with higher
levels of stiff regions in the substrate is observed. This trend is
similar to that observed for a-SMA stress fibers. However, unex-
pectedly, there were no significant differences in YAP activation
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Fig. 4. Characterization of o-SMA activation on patterned substrates. A: Inmunostaining of VICs on regular and random hydrogel surfaces after culturing in medium with 1% FBS
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significant difference between 75% regular and random substrates. ****: p < 0.0001, based on one-way ANOVA. n = 3 with triplicates, more than 200 VICs were analyzed per sample.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

between regular and random patterns when compared at the same
level of stiff region (Fig. 6B). Similar with a-SMA activation, YAP
activation is independent of cell proliferation, as the YAP activation
trend remained the same with inhibition of proliferation
(Supplemental Fig. 6).

This result led us to investigate whether YAP and «-SMA acti-
vation have a temporally correlated relationship, as YAP has been
reported as an early marker in the mechanotransduction cascade,
while o-SMA is known as a more mature marker during the
fibroblast-to-myofibroblast transition [26,49]. So further investi-
gation of YAP and a-SMA activation was performed at different time
points (24, 72 and 120 h) for VICs cultured on the 75% regular and
75% randomized patterned substrates. As shown in Fig. 7, an in-
crease in both YAP activation levels and a-SMA activation levels

was observed with increasing culture time for both substrates.
However, there were significant differences in the rate of the signal
appearance between the regular and random patterns. The a-SMA
stress fiber organization lagged behind the rate of YAP activation, as
observed for the 75% regular versus random patterns. Looking at
the 24 h point, a significant difference was observed in YAP acti-
vation between VICs on regular and random patterns. Interestingly,
by 72 h, both activation levels plateaued to the same value (~60%).
In contrast, -SMA activation levels in VICs on the regular and
random patterns were found to be at the same level at 24 h time
point, after which the «-SMA activation levels on regular patterns
increased faster, and a significant difference was observed between
regular and random patterns at the 72 h time point. But interest-
ingly, by 120 h, VICs seeded on the 75% regular and random
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patterns reached the same final a-SMA activation level (~70%).

3.6. Focal adhesion size positively correlates with YAP activation

Focal adhesion, cytoskeleton tension and cell morphology have
all been implicated in playing an important role in cell mechano-
transduction processes which are regulated by YAP subcellular
localization [26]. Based on the data in Fig. 7 at the 24 h time point,
YAP activation was statistically different between VICs on regular
and random patterns, and this difference further correlated with
the a-SMA activation and proliferation differences at later time
points. However, the cell morphology was the same between VICs
on regular and random patterns at all time points, so it remained
elusive what caused this YAP activation difference. We hypothe-
sized that focal adhesions might lead to these differences in the YAP
activation, so analysis of the focal adhesion size was conducted for
VICs cultured on regular and random patterns. Focal adhesions
were analyzed at the 24 h time point by immunostaining for pax-
illin, an important protein involved in focal adhesion complex
formation [50]. A significant difference was observed between VICs
on 75% regular versus random patterns; VICs on 75% regular pat-
terns formed larger sized focal adhesions as shown by the repre-
sentative images in Fig. 8A. More specifically, the average size of the
VIC focal adhesions on the 75% regular pattern was 0.68 um?, which
was statistically larger than the focal adhesions on the 75% random
pattern with an average size of 0.56 pm? (Fig. 8B). Based on prior
research [51], focal adhesion size has been reported to be an indi-
cator of focal adhesion maturation, and might be important for
mechanosensing in VICs. Our findings show that the size of the
focal adhesions positively correlates with YAP activation at early
time points, which also correlates with myofibroblast activation at
later time points. Further studies are needed in order to figure out
the mechanism of the positive correlation between focal adhesion
maturation and YAP activation.

4. Discussion

Material properties, such as stiffness, topography and visco-
elasticity have all been previously reported to influence cell fate
[52,53]. Amongst these factors, elastic modulus has been widely
studied in marrow-derived mesenchymal stem cells and shown to
influence cell-matrix interactions, morphology and cell fate via
mechanotransduction [54—56]. Previous studies show that cells
sense the ECM through focal adhesions and cytoskeleton tension,
and furthermore, matrix mechanics direct cell fate [57,58]. Here,
our study demonstrates that VICs are capable of sensing matrix
stiffness and make fate decisions independent of cell morphology
and cytoskeleton organization (Fig. 2B and Supplemental Fig. 1).
Specific to VICs, which respond to substrate modulus in both 2D
and 3D [59,60], we have demonstrated that VICs are sensitive to
relatively small changes in elastic moduli in 2D (Fig. 2), and addi-
tionally, their response depends on the matrix organization.

The results in this paper highlight a potentially important role of
microenvironmental mechanical heterogeneity in affecting VICs
and their activation from a quiescent fibroblast phenotype to a
pathogenic myofibroblast phenotype. When events occur that lead
to heterogeneous changes in the valve matrix organization and
mechanics [61], for example myxomatous disease in heart valve,
different cell behavior, like proliferation and activation into myo-
fibroblasts, might be triggered. As shown by previous studies [5,61],
more proliferation of fibroblasts and activation into myofibroblasts
are expected during disease progression. The difference between
this expectation and our in vitro experimental data might be
attributed to two factors. Firstly, longer-term matrix disorganiza-
tion and stiffening may play a role in the persistence of the myo-
fibroblast population, as observed in the histopathology of diseased
valves [2,62]. Therefore, it might be interesting to conduct longer
in vitro studies of this progression. Such long-term studies would
likely necessitate transitioning to a 3D cell-laden hydrogel, which
will require developing improved methods to pattern and control
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matrix mechanics in 3D, along with complementary validation of
image analysis methods in 3D. Secondly, the in vivo heterogeneous
stiffness organization might be different from what VICs are
sensing in our in vitro model. Therefore, quantification of the
stiffness organization in valve tissue at different stages during
disease progression, as well as in the different layers in the leaflet
would be beneficial to further study the in vivo heterogeneous
mechanical organization in vitro.

With respect to the short time response, the biological relevance
of the reported results may more closely relate to VIC response to
an injury, where heterogeneities exist in the matrix environment
and likely influence local biomechanics and VIC mechanosensing.
Here, VICs increase their population to facilitate collagen

deposition and ECM remodeling, and then the stiffness of the
valvular tissue increases with remodeling and time. Our in vitro
model studies how increases in the stiffness and organization of the
matrix can signal to VICs and activate them into myofibroblasts.
This activation is known to increase VIC secretory properties [5],
collagen deposition, and ECM stiffening [4], which if left un-
checked, can lead to valve fibrosis [8]. More direct measurement of
how VICs produce collagen on substrates with regular and random
stiffness organization will provide insight to the contribution of
collagen deposition to the development of valve fibrosis, as
collagen production is independent of o-SMA activation during
fibrosis in various organs [63].

The temporal analysis of YAP and «-SMA activation was
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consistent with the literature that YAP subcellular localization is an
early marker of mechanotransduction [43,64], and that matrix
mechanical cues can further affect the conversion of VICs from fi-
broblasts to myofibroblasts, as demonstrated by a-SMA stress fiber
formation. Future studies characterizing other molecular changes
in the VICs (e.g., gene expression) during YAP nuclear localization
may prove insightful, along with experiments to elucidate the
mechanism by which YAP initiates a-SMA stress fiber formation,
especially since our findings indicate that this process is indepen-
dent of cell morphology and cytoskeleton organization.

Finally, our findings provide insight into how and why VICs are
capable of sensing the heterogeneity of matrix mechanics and
translate these extracellular signals into a cellular response. A
better understanding of changes in the ECM composition and
mechanical microenvironment during valve disease, such as
fibrosis, along with cellular responses to this matrix signaling
should prove useful in identifying pathways to target for thera-
peutic treatments.

Well-characterized biomaterial platforms, such as the one
described in this paper, can provide an important link between the
complexity of animal models of valve disease and highly controlled
in vitro models for detailed hypothesis-testing about cellular re-
sponses and mechanisms. Here, we investigated hypotheses related
to mechanosensing and matrix organization on VIC myofibroblast
activation. We exploited a hydrogel with spatially tunable materials
properties, but this same material also provides the opportunity to
dynamically change the patterns and/or magnitude of the stiffness
(e.g., soften the matrix) in situ [16,17] during in vitro VICs culturing.
Future work will focus on culturing VICs in hydrogels and studying
how they respond to changes in matrix properties in real time
in vitro. The ability to conduct longer term experiments and study
cyclical change in the matrix environment on VIC fibroblast-to-
myofibroblast might be particularly insightful for understanding
critical molecular changes that occur in VIC myofibroblasts when
their activation persists, especially since many fibrotic tissues (e.g.,
heart, lung, kidney) have a high population of myofibroblasts.

5. Conclusion

In summary, we developed a photodegradable PEG based
hydrogel system to spatially vary matrix elasticity and study the
effect of matrix elasticity organization on VIC phenotype. Porcine
VICs cultured on matrices with a higher percentage of stiff regions
showed more a-SMA stress fibers and nuclear localized YAP, both of
which are indicative of mechanical signaling and myofibroblast
activation. When cultured on substrates with randomly organized
matrix mechanics, VICs had smaller focal adhesions and delayed
nuclear YAP localization at early time points compared to those
cultured on substrates with regular pattern of the stiff regions. The
difference in focal adhesion size and YAP activation positively
correlated with a-SMA activation at later time points. Moreover, o.-
SMA activated VICs had lower proliferation rates compared to a-
SMA deactivated VICs, which implies a potential biological mech-
anism that VICs sense a disorganization in ECM through spatially
varying matrix stiffness, as often occurs during the beginning
stages of wound healing and disease progression. This matrix-
cellular signaling influences the VIC fibroblast-to-myofibroblast
transition in a manner that may correlate to differences between
healthy ECM remodeling (e.g., homeostasis) versus pathogenic
fibrosis.
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