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1 | INTRODUCTION
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Abstract

Cardiac fibrosis is a common pathway leading to heart failure and involves
continued activation of cardiac fibroblasts (CFs) into myofibroblasts during
myocardium damage, causing excessive deposition of the extracellular matrix
(ECM) and thus increases matrix stiffness. Increasing evidence has shown that
stiffened matrix plays an important role in promoting CF activation and cardiac
fibrosis, and several signaling factors mediating CF mechanotransduction have
been identified. However, the key molecules that perceive matrix stiffness to
regulate CF activation remain to be further explored. Here, we detected sig-
nificantly increased expression and nuclear localization of Yes-associated protein
(YAP) in native fibrotic cardiac tissues. By using mechanically regulated in vitro
cell culture models, we found that a stiff matrix-induced high expression and
nuclear localization of YAP in CFs, accompanied by enhanced cell activation. We
also demonstrated that YAP knockdown decreased fibrogenic response of CFs
and that YAP overexpression promoted CF activation, indicating that YAP plays
an important role in mediating matrix stiffness-induced CF activation. Further
mechanistic studies revealed that the YAP pathway is an important signaling
branch downstream of angiotensin Il type 1 receptor in CF mechanotransduction.
The findings help elucidate the mechanism of fibrotic mechanotransduction and
may contribute to the development of new approaches for treating fibrotic

diseases.
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the architecture of repaired tissue is remodeled, it eventually forms scar
tissue and continuously secretes extracellular matrix (ECM; mainly type

Cardiac fibroblasts (CFs), a major cell type in the heart, play an im-
portant role in maintaining the normal function of the heart (Kong
et al, 2019; Park et al., 2018). In response to abnormal changes in
biochemical cues (e.g., angiotensin Il, interleukin-6, transforming growth
factor-1 [TGF-B1]) in various cardiovascular diseases, CFs can be

activated into myofibroblasts to initiate a 'reparative' fibrosis. Although

I and Il collagen), leading to arrhythmia and the development of heart
failure (Hale, 2016; Morine et al., 2018; Yokoe et al., 2003). The stiffness
of fibrotic myocardium can dramatically increase (up to two to three
times of normal range) due to the excessive deposition and excess
crosslinking of the ECM during fibrosis (Frankenreiter et al., 2017; Galie,
Westfall, & Stegemann, 2011; Lee et al, 2017; Yong et al, 2016).
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Moreover, the stiffened matrix was recently shown to function in-
dependently or cooperatively to promote the activation of CFs, thus
forming a positive feedback loop to accelerate fibrosis (Herum, Choppe,
Kumar, Engler, & Mcculloch, 2017; Mouton et al., 2019; Yong
et al,, 2015; Zhao et al., 2014). Accordingly, approaches targeting matrix
stiffness and CF mechanobiology may hold promise in the prevention
and the treatment of cardiac fibrosis (Flevaris et al., 2017; Bourhis
et al, 2013; Vadon-Le Goff et al., 2011). Therefore, elucidation of the
underlying mechanisms of mechanotransduction in CFs in response to a
stiffened matrix is important.

Various signaling factors have been reported in CF mechan-
otransduction (Herum, Lunde, McCulloch, & Christensen, 2017),
including danger-associated molecular patterns as stress-induced
initiators of fibrosis (Bryant et al, 2015), syndecan-4 as a
mechanosensory apparatus affecting collagen expression
(Couchman, 2010), and myocardin-related transcription factors
liberated from G-actin that enter the nucleus and promote fib
rosis (Mouillerson, Langer, Guettler, Mcdonald, & Treisman, 2011).
However, the key molecules that perceive matrix stiffness to
regulate CF activation remain remain to be fully identified. Re-
cently, Hippo pathway transcriptional coactivators, for example,
Yes-associated protein (YAP) and transcriptional coactivator with
PDZ-binding motif (TAZ), have been found to function as universal
mechanotransducers (Dupont et al., 2011; Panciera, Azzolin, Cor-
denonsi, & Piccolo, 2017). Importantly, YAP has been shown to
play important roles in various types of fibrosis. For instance, in
liver fibrosis, YAP activation was found to be a critical driver of
hepatic stellate cell activation and the inhibition of YAP represents
a novel approach for the treatment of liver fibrosis (Mannaerts
et al., 2015). In kidney diseases, YAP overexpression in cultured
podocytes was shown to increase the abundance of ECM-related
proteins that promote fibrosis (Rinschen, Grahammer, Huber,
Benzing, & Schermer, 2017). In cancer, increased matrix stiffness
has been found to enhance YAP activation in cancer-associated
fibroblasts (CAFs), establishing a feedforward, self-reinforcing
network that helps to maintain the CAF phenotype (Calvo
et al.,, 2013). Despite these important findings, the role of YAP in
CF mechanotransduction and cardiac fibrosis remains elusive.

Mechanistically, matrix stiffness may regulate YAP activity
through different upstream signaling pathways (Nakajima
et al, 2017; Schroeder & Halder, 2012; Wang et al., 2016). For in-
stance, the mechanosensory proteins (vinculin and talins, as well the
focal adhesion kinase (FAK) and Src-family of kinases) have been
discovered in YAP and TAZ mechanotransduction (Hu et al,, 2017;
Panciera et al., 2017; Taniguchi et al., 2015). Interestingly, recent
studies found that mechanosensitive YAP/TAZ signaling promotes
the survival of stiffness-primed human dermal fibroblasts by con-
trolling the expression of antiapoptotic protein BCL-XL, prompting
efforts to therapeutically target YAP/TAZ and myofibroblast apop-
tosis (Hinz & Lagares, 2020; Lagares et al., 2017). In addition, it has
been also demonstrated that YAP/TAZ-mediated mechanosignaling
drives lung fibroblast activation in part through TGF-B-independent
plasminogen activator inhibitor-1 (YAP/TAZ transcriptional target;

Liu et al, 2015). Recently, G-protein-coupled receptors (GPCRs) in
the cell membrane have been found to mediate biochemical cues to
either activate or inhibit the Hippo-YAP pathway (Yu et al., 2012;
Low et al., 2014). Specifically, activation of Ga12/13-coupled re-
ceptor by lysophosphatidic acid (LPA) or sphingosine 1-phosphate
(S1P) could enhance YAP activity by inhibiting Lats1/2 kinases (Yu
et al, 2012). In contrast, the activation of Gs-coupled receptors by
epinephrine or glucagon stimulation could inhibit YAP activity by
increasing Lats1/2 kinase activity (Yu et al., 2012). Although several
types of GPCRs have also been found to allow cells to sense me-
chanical cues (Makino & Schmid-Schénbein, 2006; Scholz, Monk,
Kittel, & Langenhan, 2016), the relationship between these GPCRs
and YAP in cell mechanotransduction is still unclear. Our recent work
demonstrated that the blocking of angiotensin Il type 1 receptor
(AT4R, the first GPCR identified as a mechanosensor [Schnitzler,
Storch, & Gudermann, 2011]) with losartan significantly inhibited the
activation of CFs to myofibroblasts induced by a stiff substrate (Yong
et al, 2016). Given these findings, we speculate that YAP may
function as an important downstream signaling molecule of AT4R in
mediating matrix stiffness-induced CF activation.

In this study, we first characterized the expression of YAP in
native fibrotic tissues obtained from rat models of myocardial infarc-
tion (MI). We then investigated the role of YAP in matrix stiffness-
induced CF activation by culturing CFs on mechanically tunable gelatin
hydrogels. Finally, we explored the relationship between YAP and
AT4R in CF mechanotransduction. Our results identified an important
role of YAP in mediating matrix stiffness-induced CF activation and
established the YAP pathway as an important signaling branch
downstream of AT4R in CF mechanotransduction, thus promoting the
understanding and treatment of fibrosis from a mechanobiological

point of view.

2 | MATERIALS AND METHODS
2.1 | Animal experiments

Male Sprague-Dawley (SD) rats were provided by the Experimental
Animal Center of Xi'an Jiaotong University School of Medicine. All
male rats were housed in cages under hygienic conditions with a
12-hr light/dark cycle at 23 + 3°C and 40-60% humidity for 7 days
before the experiments. The male rats were provided with a
commercial standard rat cube diet and freely available drinking
water.

An MI model was developed by ligation of the proximal left
coronary artery. In brief, animals were anesthetized by in-
traperitoneal injection (35 mg/kg). The heart was exposed, and the
left coronary artery was ligated 2-3 mm from its origin between the
left atrium and pulmonary artery conus by using a 6-0 polypropylene.
Then, the thoracotomy was closed in multiple layers. A successful Ml
model was confirmed by regional cyanosis and ST-segment elevation
in an electrocardiogram. The heart was obtained after 4 weeks of

staining and Western blot analysis. All animal procedures followed
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the Guidelines for Care and Use of Laboratory Animals of Xi'an

Jiaotong University.

2.2 | Preparation and characterization of gelatin
hydrogels

For preparation of gelatin hydrogels, a 4% wt/vol concentrated
enzyme solution containing microbial transglutaminase (mTG;
Ajinomoto, Japan) and deionized water was prepared. A 20% wt/vol
solution of gelatin (Type A, Bloom 175; MP Biomedicals) was also
prepared by adding gelatin and warm deionized water and mixing at
50°C until the protein was dissolved. These solutions were stored in
a refrigerator at 4°C. Following preparation, the concentrated mTG
solution was removed and heated at 37°C for 5 min, and the frozen
gelatin solution was melted at 50°C before use. Different con-
centrations of mTG-gelatin solution were added to a six-well plate
and incubated at 37°C for 3 hr to fully crosslink the gelatin. Finally,
phosphate buffer saline (PBS) was added into the plate to allow
swelling equilibrium of the hydrogels for 24 hr.

Atomic force microscopy (AFM; (Picoplus 5400; Agilent) was
used to determine the stiffness of the gelatin hydrogels by indenta-
tion. Gelatin hydrogels on 35 mm dishes were swollen to equilibrium
in PBS and indented at a velocity of 10 um/s. Young's modulus was

computed using the Hertz model (Roduit et al., 2008):

E
— X tana X &,
V

f= 2y
bis
where f is the indentation force, E is the Young's modulus to be
determined, v is the Poisson ratio of the materials (here, we set its
value as 0.5), a is the half opening angle of the tip (here is 35°), and &
is the indentation depth.

For characterization of the water-absorption capacity of the
gelatin hydrogels, the wet weights of the hydrogels after swelling
equilibrium were measured, and the dry weights of the hydrogels
were obtained after freeze-drying using a vacuum freeze dryer
(Songyuan Huaxing, China). For characterization of the degradation
of the hydrogels, hydrogels on 35 mm dishes were soaked in PBS
with 1 x trypsin-EDTA (0.25% vol/vol; Thermo Fisher Scientific) at
37°C and the wet weights were sequentially measured after 10, 30,
and 60 min.

2.3 | Cell isolation and culture

CFs were isolated from the hearts of neonatal SD rats (1-3 days old).
We noted that CFs may show differences in phenotypes based upon
their in vivo source. Nevertheless, both neonatal and adult CFs
consistently undergo phenotype switching to myofibroblasts when
cultured on rigid substrates in vitro, sharing similar expression pro-
files to cardiac myofibroblasts in vivo under pathological condition
(Santiago et al., 2010). Therefore, CFs from the hearts of both neo-

natal and adult animals have been extensively used in research. We

Journal-of 3
Cellular Physiology WI LEY_l_

used neonatal CFs because they can be easily isolated and purified
from neonatal hearts, which are more likely to be pathogen- and
disease-free than adult hearts. In brief, heart tissues were excised
following euthanasia by cervical dislocation and digested using col-
lagenase type Il enzyme (MP Biomedicals). Then the pellets were
obtained by centrifuging the digested heart tissues. The pellets were
resuspended in cell culture medium containing Dulbecco's modified
Eagle's medium: nutrient mixture F-12 (DMEM/F-12; HyClone), 10%
fetal bovine serum (FBS; Gibco), and 1% penicillin/streptomycin
(Gibco). After the samples were plated for 45 min at 37°C and 5%
CO,, the supernatant of cell culture medium, including cardiomyo-
cytes, was removed, and the remaining adherent cells were CFs. The
CFs were directly seeded on gelatin hydrogels and cultured for
7 days on the matrices before analysis.

2.4 | Cell transfection and inhibition

YAP knockdown was performed in CFs by using a small interfering
RNA (siRNA). The control cells were transfected with a control siRNA
(5’-UUCUCCGAACGUGUCACGUTT). The siRNA transfections were
performed with Lipofectamine™ 2000 (Life Technologies) in
Opti-MEM | reduced serum medium (Invitrogen) according to the
manufacturer's instructions. The target sequence of siRNA was
5-GGUCAGAGAUACUUCUUAATT for rat YAP.

YAP overexpression was performed in the CFs by using a plas-
mid. The CFs were seeded into six-well plates coated with gelatin
hydrogels. Then, a preincubated mixture containing 50 ul of Opti-
MEM, 1.6 ug of DNA, and 1 ul of Lipofectamine 2000 was added into
each well. After 6 hr, the medium was replaced, and the cells were
allowed to recover for 72 hr before analysis.

For inhibition of AT4R, the cells were treated with 10 uM
losartan potassium (LP; Selleckchem), or the corresponding amount
of DMSO diluted in complete media on Day 3. The treatment lasted
for 4 days, and the culture medium with LP was changed in the

middle of the experiment; therefore, the cells were redosed once.

2.5 | Immunohistochemistry

For tissue staining, heart tissues from the normal control (NC) and Ml
rats were preserved as paraffin-embedded samples. The paraffin-
embedded sections were blocked in 10% goat serum (Thermo Fisher
Scientific) and subsequently incubated with primary rabbit anti-rat YAP
(1:400; Cell Signaling Technology; 14074), and anti-a-smooth muscle
actin (anti-a-SMA) antibody (1:1,000; Boster, China; BM0002) in
Tris-buffered saline-Tween 20 (TBST) that contained 5% bovine serum
albumin (BSA; MP Biomedicals). Goat anti-rabbit IgG-horseradish per-
oxidase (HRP) (1:100; Dako, China; P0448) was used as a secondary
antibody. Cell nuclei were visualized with 4',6-diamidino-2-phenylindole
(DAPI) (1 ug/ml; Sigma; D9542). 3,3'-Diaminobenzidine tertrahy-
drochloride (DAB) Horseradish Peroxidase Color Development Kit

(Hat Biotechnology, China; 1S015) was used for chromogenic



NIU ET AL

4 Journalof:
_I_Wl B2 & Cecllular Physiology

development. Microphotographs were acquired and analyzed with an
inverted fluorescence microscope (Olympus I1X81, Japan) and Image)
6.0 (National Institutes of Health).

2.6 | Immunofluorescence staining and image
analysis

Cells were fixed in 4% paraformaldehyde for 10 min followed by cell
membrane permeabilization with 0.5% triton X-100. Then, the sam-
ples were blocked for 45 min at room temperature in blocking so-
lution (5% BSA in PBS). The following antibodies were used: a-SMA-
FITC antibody (1:500; Sigma; F3777), Ki-67 antibody (1:400; Cell
Signaling Technology; 9129), and YAP antibody (1:100; Cell Signaling
Technology; 14074). Alexa Fluor 488 goat anti-rabbit antibody
(1:1,000; Thermo Fisher Scientific, A11034) was used as the
secondary antibody, and the sections were further incubated at 37°C
for 1.5 hr. Rhodamine phalloidin (1:1,000; Thermo Fisher Scientific;
R415) was used to stain actin cytoskeleton. Cell nuclei were visua-
lized with DAPI (1 ug/ml; Sigma; D9542).

For calculation of the total YAP and the ratio of nuclear YAP to
cytoplasmic YAP (nuc/cyto YAP), immunofluorescent staining for
DAPI/F-actin/YAP was used. The cell spreading area and nuclear
boundaries were divided by thresholding of each color channel. The

total YAP and the ratio of nuc/cyto YAP were then calculated using

the formula:
Total YAP = 20U¢ | 2/c¥0
nuc ACYO
/ A
Ratio of nuc/cyto YAP = M,
ZICYO/Acyo

where Y}'nuc represents the sum of the intensity values for the pixels
in the nuclear region, Y 'cyo is the sum of intensity values for the
pixels in the nonnuclear cytoskeleton area, A, is the nuclear area,

and Ay, is the nonnuclear cytoskeleton area.

2.7 | Western blot analysis

First, the acquired tissues were ground by liquid nitrogen and the lysate
was added. Then, the system was moved to ice for 20 min after being
homogenized by five strokes. The supernatant was obtained by cen-
trifuging the desired protein solution. The cells were directly cleaved by
lysate with radioimmunoprecipitation assay at 4°C for 30 min. Finally,
the supernatant was harvested by centrifugation at 4°C and 12,000 rpm
for 10 min. Then, the protein lysates were processed following standard
procedures. Ten micrograms of each protein sample was separated on
10% sodium dodecyl sulfate-polyacrylamide gels and transferred onto
polyvinylidene difluoride membranes (Millipore). The membranes were
blocked with TBST and 5% BSA and then incubated with primary
antibodies at 4°C overnight. The following antibodies were used:
glyceraldehyde-3-phosphate (GAPDH)

dehydrogenase antibody

(1:1,000; Cell Signaling Technology; 2118), a-SMA antibody (1:1,000;
Cell Signaling Technology; 19245), pYAP antibody (1:1,000; Cell Sig-
naling Technology; 13008), and YAP antibody (1:1,000; Cell Signaling
Technology; 14074). Then, the membranes were washed three times
with TBST and incubated with goat anti-rabbit HRP-conjugated anti-
body (1:5,000; Cell Signaling Technology; 7074) for 2 hr at room tem-
perature. A chemiluminescence system (ChemiScope 3300 Mini, China)
to detect the
TBST. The exposed protein bands were quantified with ImageJ program.

was used bands after three washes with

2.8 | Real-time polymerase chain reaction (RT-PCR)

The total RNAs of the CFs on gelatin hydrogels were harvested by
using an RNA extraction kit Tiangen, China). An UV-Vis spectro-
photometer (NanoDrop2000; Thermo Fisher Scientific Inc.) was
used to measure the concentration of total RNAs. A high capacity
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific; K1622) was used to transcribe the extracted RNA into
cDNA by polymerase chain reaction (PCR). Quantitative real-time
PCR (qRT-PCR) was conducted by using SYBR® Premix Ex Taq™ Il
(Takara, China; RR820A) on a 7500 Fast Real-Time PCR System
(Applied Biosystem). The relative mRNA expression was quantified
by using the 2722¢ method and internally normalized to
GAPDH. The primer sequences GAPDH:
fwd CTTCTCTTGTGACAAAGTGGACAT, rev CTTGCCGTGGGT
AGAGTCAT; YAP: fwd TACATAAACCATAAGAACAAGACCACA,
rev. GCTTCACTGGAGCACTCTGA; a-SMA: fwd CGATAGAACA
CGGCATCATC, rev CATCAGGCAGTTCGTAGCTC; Col I: fwd
GGTGAGACAGGCGAACAAGGTG, rev GCCAGGAGAGCCAGG
AGGAC; TGF-B1: fwd CTTCAATACGTCAGACATTCGG, rev CA
CAGTTGACTTGAATCTCTGC; transcription factor 21 (TCF21):
fwd ACTGGCTCCCTCAGCGATGTAG, rev ACCCTCCTCGGTG
CTCTCATTG; adipocyte platelet-derived growth factor receptor-a
(PDGFR-a): fwd CAGGCAGGGCTTCAACGGAAC, rev AGTCTG
GCGTGTGTCCATCTCC; cysteine-rich 61 (CYR61): fwd ATCTCC
ACACGAGTTACCAATGACAAC, rev CCACAAGGACGCACTTC
ACAGATC; connective tissue growth factor (CTGF): fwd CTCTT
CTGCGACTTCGGCTC, rev GTACACGGACCCACCGAAGA.

are as follows:

2.9 | Statistical analysis

Statistical analysis was conducted by using GraphPad Prism 6
(GraphPad
mean * standard deviation for all quantitative data, with n=>5 for

Software). Statistics are presented as the
the mechanical tests and animal experiments, and n = 3 for the cell
experiments. Two-tailed Student's t-test was performed for com-
parisons between two groups of samples. Multiple comparisons
among the three or four experimental groups with a single varying
parameter were performed using one-way analysis of variance
with Tukey's post hoc testing (*p <.05, **p <.01, ***p <.001, and

#4p < 0001).
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3 | RESULTS

3.1 | YAP and AT4R highly expressed in rat Ml
models

To verify whether YAP is involved in the pathology of MI, we per-

formed double immunohistochemical and immunofluorescence
staining for YAP and a-SMA in the MI and NC cardiac tissues. Im-
munohistochemical analysis revealed that both YAP and a-SMA were
significantly increased in the Ml tissue compared with the NC tissue
(Figure 1a). Moreover, we found increased nuclear staining of YAP in
the MI tissue compared with the NC tissue (Figure 1a). Immuno-
fluorescence staining of the heart section also showed much higher
expression of a-SMA and YAP in the Ml tissue than in the NC tissue
(Figures 1b and S1). From quantitative analysis, we found that the
a-SMA* cells with nuclear YAP increased in the MI tissue compared
with that of the NC tissue (Figure S1b). These results indicated that
YAP may be involved in Ml-induced cardiac fibrosis. We also tested
the expression of AT4R in vivo. The protein levels of AT;R and

pERK1/2 were significantly increased in the Ml tissue compared with

(a) NC
a-SMA
YAP
c
© a-SMA
1.8+
AT1R * k kX
£
(0]
S 1.2
pERK1/2 e
g
a-SMA T 0.6-
Q
(14
GAPDH 0.0
NC M
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the NC tissue, as confirmed by Western blot analysis (Figure 1c).
These results confirmed that AT4R is activated in Ml-induced cardiac

fibrosis.

3.2 | The expression and nuclear localization of
YAP increased in CFs cultured on a stiff matrix

Mechanically, a notable characteristic during fibrosis is matrix stif-
fening, which has been shown to promote CF activation, thus accel-
erating the development of fibrosis via a positive feedback
mechanism (Engler et al., 2008). To determine whether YAP is a
regulator that senses microenvironmental stiffness and mediates the
mechanical cue into a fibrosis-promoting signal in CFs, we fabricated
gelatin hydrogels with different stiffnesses (4-41 kPa) to mimic those
of the NC and MI heart tissues (Figure S2a). By varying the con-
centration of mTG used to crosslink the gelatin (10% gelatin as the
final concentration) from 0.5% mTG to 2% mTG, we altered the
stiffness of the gelatin hydrogels from 4 to 41kPa. The results of
water absorption and degradation experiments did not show

(b)

NC

MI §

Nucleus a-SMA YAP

pERK1/2
1.0 1.2
* % k %
£ 0.8+ £
i) L 0.8
<} o 0.8
& 06 &
[} o
= 0.4- =
© ® 0.4-
& 0.2 K>
0.0- 0.0-
NC Mi NC MI

FIGURE 1 YAP was highly expressed in rat Ml models. (a) Immunohistochemical staining of a-SMA and YAP expression in the cardiac tissues of
the NC and M rats. Tissues were stained with 3,3’-diaminobenzidine (brown) and counterstained with hematoxylin (blue). (b) Immunofluorescence
analysis of YAP (red), a-SMA (green), and nuclei (blue) in the cardiac tissues of the NC and Ml rats. Scale bar = 50 um. (c) Relative protein levels of
a-SMA, AT4R, and pERK1/2 determined by Western blot analyses. AT4R, angiotensin |l type 1 receptor; ERK1/2, extracellular signal-regulated kinase
1/2; MI, myocardial infarction; NC, normal control; YAP, Yes-associated protein; a-SMA, a-smooth muscle actin
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significant difference among the gelatin hydrogels with different
stiffnesses (Figure S2b,c). In combination, these results demonstrated
that we can generate gelatin hydrogels with different stiffnesses but
similar water absorption ratios and degradability without changing
the gelatin concentration.

We then cultured rat CFs on gelatin hydrogels with different
stiffnesses (4 and 36 kPa), with CFs cultured on cell culture plates as
a control. First, we used vimentin as a maker of the CFs. We con-
firmed that almost all isolated cells displayed vimentin expression,
indicating the presence of only CFs (Figure S3). Then, we found that
the proliferative ability of the CFs cultured on substrates with dif-
ferent stiffnesses decreased with time but was higher on soft matrix

(@)

on Day 7 (Figure S4). Through immunofluorescence staining, we
found that different hydrogel stiffnesses imposed different degrees
of CF activation, where the expression of a-SMA increased with in-
creasing matrix stiffness (Figure 2a). Moreover, the total expression
and nuclear localization of YAP in the CFs significantly increased on
the stiff matrix (Figure 2b,c). The higher expression levels of a-SMA
and nuclear YAP of the CFs on the stiff matrix than those on the soft
matrix were further confirmed by Western blot analyses (Figure 2d)
and gene expression analysis (Figure 2e). The consequences of YAP
activation on YAP transcriptional targets (CYR61 and CTGF) were
confirmed by RT-PCR (Figure S5a). We also confirmed the enhanced
expression of other activation markers (Col I, TGF-g1, TCF21, and
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PYAP —‘—65 S o]
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FIGURE 2 The expression and nuclear localization of YAP increased in the CFs cultured on a stiff matrix. (a) Immunofluorescence analysis indicated
the differentiation of CFs increased with increasing stiffness (blue, nucleus; green, a-SMA; red, F-actin). Scale bar = 50 um. (b) Immunofluorescence

analysis indicated nuclear YAP increased with increasing stiffness (blue, nucleus; green, YAP; red, F-actin). Scale bar = 50 um. (c) Quantification of the
ratio of nuclear YAP to cytoplasmic YAP and the expression of total YAP in the CFs. (d) The Relative protein levels of a-SMA, pYAP, and YAP determined
by Western blot analyses in CFs after 7 days of culture. (€) gRT-PCR analysis of a-SMA and YAP in CFs after 7 days of culture. CF, cardiac fibroblast;

YAP, Yes-associated protein; a-SMA, a-smooth muscle actin
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PDGFR-a) in the CFs cultured on the stiff matrix (Figure S5b).
Collectively, these data indicate that the activity and subcellular
localization of YAP could be associated with stiff matrix-induced

CF activation.

3.3 | YAP was required for matrix
stiffness-mediated CF activation

To evaluate the role of YAP in matrix stiffness-mediated CF
activation, we first performed siRNA-mediated knockdown of YAP in
the CFs cultured on gelatin hydrogels with different stiffnesses. YAP
knockdown efficiency was confirmed at both the mRNA and protein
levels (Figure Séa,b). Immunofluorescence staining results showed
that YAP-deficient CFs cultured on both soft and stiff matrices had
lower expression of a-SMA than the CFs in the control group
(Figure 3a). Western blot and PCR analyses also confirmed the de-
creased a-SMA expression in the YAP-deficient CFs (Figure 3b,c).
Moreover, YAP knockdown reduced the expression of other activa-
tion markers (Col |, TGF-f1, TCF21, and PDGFR-a; Figure S7).
In addition, YAP knockdown reduced the proliferation of the CFs
cultured on both soft and stiff matrix (Figure S8). Collectively, these
observations suggest that YAP is required for matrix stiffness-
mediated CF activation.

(@)
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in the
matrix stiffness-mediated fibrogenic response of CFs, we overexpressed
YAP in the cultured CFs by cloning full-length YAP from rat CFs into the

pEX vector (Figure S9ab). The immunofluorescence staining results

To further assess the role of YAP overexpression

showed that the YAP-overexpressing CFs cultured on both soft and stiff
matrices increased the expression of a-SMA compared with CFs in the
control group (Figure 4a), which was also confirmed by Western blot and
PCR analyses (Figure 4b,c). We then confirmed that the expression of
other activation markers (Col I, TGF-81, TCF21, and PDGFR-a) was in-
creased in the YAP-overexpressing CFs (Figure S10). Moreover, YAP
overexpression increased the proliferation of the CFs cultured on both
the soft and stiff gelatin hydrogels compared with CFs in the control
group (Figure S11). These observations confirmed that YAP over-
expression could promote the fibrogenic response of CFs.

3.4 | YAP was downstream of AT4R to control CF
activation

We have previously demonstrated that AT4R plays a critical role in
sensing matrix stiffness to regulate CF activation (Yong et al., 2016).
Here, to uncover the relationship between YAP and AT4R in med-
iating matrix stiffness-regulated CF activation, we used LP (an AT4R
inhibitor) to block AT,R-mediated signaling of the CFs cultured on
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(b) L () a
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FIGURE 3 YAP was required for stiff matrix-induced CF activation. (a) Immunofluorescence analysis indicated that the differentiation of CFs
decreased when transfected with siRNAs targeting YAP (blue, nucleus; green, a-SMA; red, F-actin). Scale bar = 50 um. (b) The relative protein
levels of a-SMA determined by Western blot when the CFs were transfected with siRNAs targeting YAP after 3 days of culture. (c) gRT-PCR
analysis of a-SMA when the CFs were transfected with siRNAs targeting YAP. CF, cardiac fibroblast; Ctr, control; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; qRT-PCR, quantitative real-time polymerase chain reaction; siRNA, small interfering RNA; YAP, Yes-associated

protein; a-SMA, a-smooth muscle actin
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CFs increased when transfected with YAP (blue, nucleus; green, a-SMA,; red, F-actin). Scale bar = 50 um. (b) The relative protein levels of «-SMA
determined by Western blot when the CFs were transfected with YAP after 3 days of culture. (c) gRT-PCR analysis of a-SMA when the CFs
were transfected with YAP. CF, cardiac fibroblast; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; gRT-PCR, quantitative real-time
polymerase chain reaction; YAP, Yes-associated protein; a-SMA, a-smooth muscle actin

the soft and stiff matrices. Through immunofluorescence staining, we
observed that a-SMA expression in the CFs was reduced in the
presence of LP (Figure 5a). Moreover, LP significantly inhibited the
nuclear localization and total expression of YAP (Figure 5b,c). Wes-
tern blot and PCR analyses further confirmed that blocking AT;R
decreased the expression levels of a-SMA and YAP, whereas in-
creasing the expression levels of pYAP (Figure 5d.,e). These results
imply that AT,R may function as an important upstream molecule
that mediates YAP-dependent CF mechanotransduction.

To determine whether YAP is downstream of AT4R in mediating
matrix stiffness-regulated CF activation, we overexpressed YAP in
CFs cultured on gelatin hydrogels with different stiffnesses and
confirmed the overexpression by Western blot (Figure 6b), and LP
was added as an antagonist of AT{R at the same time. The im-
showed that the YAP-
overexpressing CFs displayed higher expression levels of «-SMA than

munofluorescence staining results
the control CFs even in the presence of LP (Figure 6a), and these
results were further confirmed by Western blot and PCR analyses
(Figure 6b,c). These observations confirmed that YAP is downstream

of AT4R in mediating matrix stiffness-regulated CF activation.
4 | DISCUSSION

CFs have been found to activate into myofibroblasts after Ml, pro-

moting the development of stromal fibrosis and scaring in the failing

heart (Suurmeijer et al., 2003). Accordingly, the matrix stiffness in the
pathological myocardium significantly increases and has been found
to function both independently and cooperatively with biochemical
cues to promote CF activation and thus fibrosis development
(Fan, Takawale, Lee, & Kassiri, 2012; Bourhis et al., 2013). The
stiffness of living tissues varies over several orders of magnitude
(Albers et al, 2011; Engler et al, 2004; Georges et al, 2007,
Hinz, 2013; Ho et al., 2010; Ho, Marshall, Ryder, & Marshall, 2007).
However, the mechanical microenvironment of cells cultured in vitro
is highly nonphysiological, given the high stiffness of the cell culture
plate (~GPa). This issue raises concerns that many physiological
phenomena are attributed to the baseline behavior of cultured cells,
which may be artificial (Wells, 2010). Various materials have been
developed for studying cell mechanical responses in vitro by mi-
micking physiological conditions. For instance, hydrogels, including
polyacrylamide, collagen, and fibrin can provide different culture
conditions of physiological stiffness (Huang et al., 2017). Here, we
used gelatin hydrogels for their highly variable stiffness and
good biocompatibility (McCain, Agarwal, Nesmith, Nesmith, &
Parker, 2014). This study first verified the effect of matrix stiffness
on CF phenotype transformation, that is, increasing matrix stiffness
promotes a-SMA expression (Figure 2a). This finding is consistent
with previous reports from other types of cells such as hepatic
(Caliari 2016; Guvendiren,
Wells, & Burdick, 2014), mesenchymal stem cells (Guvendiren &

stellate cells et al, Perepelyuk,
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decreased with the addition of LP after 7 days of culture. AT4R, angiotensin Il type 1 receptor; CF, cardiac fibroblast; Ctr, control; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; LP, losartan potassium; YAP, Yes-associated protein; a-SMA, a-smooth muscle actin



NIU ET AL

10 Journalof:
—I_Wl |B 2 & Ccllular Physiology

(a)

_ Soft+LP_
Empty

Nucleus a-SMA F-actin

S’uff+LP
Empty

(b)
Soft Stiff a-SMA YAP
- 1.69
YAP - - + 20 —_—
*
LP + + + + Si5] —_wewx £ 12 ok kx|
s EreTs 5
a-SMA | Sl e 42 B &
2109 2089
kS| kS
[ [0}
YAP ~~c—~—65 o5 @ 0.4
L 0.0+ 0.0~ T T
GAPDH |5 Ghup aup esne — 37 Empty YAP Empty YAP Empty YAP Empty YAP
Soft+LP Stiff+LP Soft+LP Stiff+LP
(c)
a-SMA YAP
4q 16+
ke
«
< 3 * <12
£ * % £ s
27 2
® kS|
& 1 & 4
1 ol
Empty YAP Empty YAP Empty YAP Empty YAP
Soft+LP Stiff+LP Soft+LP Stiff+LP

FIGURE 6 YAP was downstream of AT4R to control CF activation. (a) |

mmunofluorescence analysis indicated that the differentiation of CFs

decreased after being transfected with YAP and was suppressed by LP (blue, nucleus; green, a-SMA,; red, F-actin). Scale bar = 50 um. (b) The
relative protein levels of a-SMA and YAP determined by Western blot. (c) gqRT-PCR analysis of a-SMA and YAP. (d) Schematic depicting how

matrix stiffness regulates YAP via AT4R to control CF differentiation. AT

glyceraldehyde-3-phosphate dehydrogenase; LP, losartan potassium; YAP,

Burdick, 2011), and NIH 3T3 fibroblasts (Ondeck & Engler, 2016).
Compared with the reported results in the literature, our work
showed that the CFs cultured on the soft gelatin hydrogels had
nonnegligible increases in expression of a-SMA (Figure 2d). We
suspect that this change may be due to the presence of abundant
adhesion ligands in the gelatin hydrogels (Czerner, Fellay, Suarez,
Frontini, & Fasce, 2015; Kathuria, Tripathi, Kar, & Kumar, 2009).
Although matrix stiffness has been shown to mediate fibroblast
2011; Huang et al., 2012),
the underlying mechanoregulatory pathways are still poorly under-

phenotypic transformation (Olsen et al.,

stood. Here, we demonstrated, for the first time, a new role for YAP
as a mechanotransducer in cardiac fibrosis. Classically believed to be
a target of the Hippo pathway, YAP is regulated by phosphorylation
of serine residues, which not only controls their intracellular locali-
zation but also controls their ubiquitination and subsequent

degradation (Zhao et al, 2010). An important discovery in 2011

1R, angiotensin Il type 1 receptor; CF, cardiac fibroblast; GAPDH,
Yes-associated protein; a-SMA, a-smooth muscle actin

showed that YAP could also be regulated by matrix stiffness and cell
2011). Since then, YAP has been found to
transduce various mechanical cues in controlling cell growth, migra-

shape (Dupont et al,,

tion, and differentiation (Aragona et al., 2013; Nakajima et al., 2017;
2017). We showed that the enhanced activation of
CFs on the stiff matrix was mediated through the enhanced ex-

Nardone et al,,

pression and nuclear localization of YAP (Figure 2b). Consistent with
this finding, others reports have also noted that YAP was activated in
2015). The
underlying mechanisms of this mechanical regulation of YAP are

some diseases (e.g., Dupuytren disease; Piersma et al.,

unclear, although both Hippo-dependent and Hippo-independent
2013; Codelia, Sun, &
Irvine, 2014; Rauskolb, Sun, Sun, Pan, & Irvine, 2014). Whether the

pathway activity of CF activation is regulated by other mechanical

pathways may contribute (Aragona et al,

signaling molecules remains an open question worthy of further
exploration.
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Recognizing the importance of YAP in cardiac fibrosis, we further
demonstrated that AT4R, as a GPCR widely expressed in various types
of cells including CFs and cardiomyocytes, mediated matrix stiffness-
induced CF activation through YAP. The activation of AT{R was shown
to be regulated either by angiotensin Il, endogenous agonist, or by
biomechanical stress (Schnitzler et al., 2008; Zou et al., 2004). Here, we
found that AT4R, activated by matrix stiffness and as an upstream
mechanical signaling molecule, regulated the transcriptional activator
YAP to promote cardiac fibrosis (Figures 5b,c and 6a). Our results also
revealed that AT.R can only regulate YAP to a certain extent
(Figure 5b,d). The reason may be that AT4R, as an upstream factor, can
also simultaneously activate other downstream signaling pathways (e.g.,
mitogen-activated protein kinase pathways, the ERK1/2 and JNK3
pathways; Tilley, 2011; Tohgo, Pierce, Choy, Lefkowitz, & Luttrell, 2002;
Song, Coffa, Fu, & Gurevich, 2009).

YAP as a mechanical transducer has not been widely studied in
the activation of CFs as it has been in other cells. Since the me-
chanism by which YAP activation is regulated is not well understood,
drugs that use YAP as a single target can only be used to slow the
disease. For example, YAP activation, a critical driver of hepatic
stellate cell activation, can cause liver fibrosis, while the use of ver-
teporfin (VP, a pharmacological inhibitor of YAP) presents a novel
approach for treating liver fibrosis by reducing fibrogenesis
(Mannaerts et al., 2015). In clinical and preclinical studies of some
diseases, AT R-related signaling pathways have emerged as promis-
ing therapeutic targets. For instance, studies have shown that
blocking AT4R may limit the inflammatory nature of immune re-
sponses in the heart, and early use of angiotensin receptor blockers
in Duchenne muscular dystrophy patients could limit myocardial
damage and subsequent cardiomyopathy (Meyers et al., 2019). More
important, we found that blocking AT,R with LP can limit the acti-
vation of CFs and decrease the expression and nuclear location of
YAP (Figure 5a,b). Further studies based on animal models (e.g.,
knockouts and transgenic models) with a specific focus on assessing
CFs (Kaur et al., 2016; Sava et al., 2017), as well as studies using
specific YAP and AT 4R inhibitors, are necessary to better understand
the roles of YAP and AT4R in mechanically regulated CF activation
and cardiac fibrosis. A key barrier to the development of effective
anti-fibrotic therapies is the complexity and redundancy of the
fibrotic signaling network. An underrecognized contributor to this
complexity is the synergistic interaction between biochemical and
mechanical regulatory signals. As the development of cardiac fibrosis
is an important factor in many cardiovascular diseases leading to
severe heart failure, the development of new therapies focused on
regulating YAP and YAP-related pathways may provide new thera-
pies that can beneficially alter the cardiac remodeling process. Many
new studies are needed for this purpose.

5 | CONCLUSIONS

In this study, high expression and transferring into the nucleus of YAP in

the pathological region was confirmed by constructing an Ml rat model

Journal-of 11
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in vivo, and AT4R was shown to be highly expressed and activated in the
pathological region. Then, we constructed a matrix stiffness-mediated
myocardial fibrosis model in vitro for mechanism studies. Our results
identified an important role of YAP in mediating matrix stiffness-
induced CF activation after YAP knockout and overexpressed in the
CFs. We also established the YAP pathway as an important signaling
branch downstream of AT4.R in CF mechanotransduction. This study
may help to better understand the mechanism of fibrotic mechan-
otransduction and inspire the development of new approaches for

treating cardiac fibrosis in the future.
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