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ABBREVIATIONS
AND ACRONYMS

Angll = angiotensin Il
MCM = Mer-Cre-Mer
MI = myocardial infarction

MkI1 = megakaryoblastic
leukemia 1

mRNA = messenger
ribonucleic acid

MRTF-A = myocardin-related
transcription factor A

NRCF = neonatal rat cardiac
fibroblast

PDGFR = platelet-derived
growth factor receptor

PE = phenylephrine
SMA = smooth muscle actin

TEAD = TEA domain
transcription factor

TGF = transforming growth
factor
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SUMMARY

Fibrotic remodeling of the heart in response to injury contributes to heart failure, yet therapies to treat fibrosis
remain elusive. Yes-associated protein (YAP) is activated in cardiac fibroblasts by myocardial infarction, and
genetic inhibition of fibroblast YAP attenuates myocardial infarction-induced cardiac dysfunction and fibrosis.
YAP promotes myofibroblast differentiation and associated extracellular matrix gene expression through
engagement of TEA domain transcription factor 1 and subsequent de novo expression of myocardin-related
transcription factor A. Thus, fibroblast YAP is a promising therapeutic target to prevent fibrotic remodeling and
heart failure. (J Am Coll Cardiol Basic Trans Science 2020;5:931-45) © 2020 The Authors. Published by Elsevier
on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ibrosis occurs in response to many heart. Our findings show that YAP is activated in
types of cardiac injury, including cardiac fibroblasts in response to nonreperfused MI,
myocardial infarction (MI), and is an as well as angiotensin II (Angll) stimulation. Using
important adaptive mechanism for preser- fibroblast-restricted genetic inactivation of endoge-
ving cardiac output in the face of massive nous YAP, we show that YAP deletion attenuates
cardiomyocyte loss (1). Pathological insults myocardial fibrosis and cardiac dysfunction in

YAP = yes-associated protein

the myocardium and promote their differen-
tiation into myofibroblasts (2,3). This special-
ized cell type is characterized by robust secretion of
extracellular matrix (ECM) proteins, as well as
expression of a-smooth muscle actin (SMA), which
confers contractile function. These properties of myo-
fibroblasts are critical to prevent wall rupture and
promote wound healing in response to MI (4); howev-
er, prolonged fibrosis leads to excessive ECM deposi-
tion, remodeling, arrhythmia, impaired compliance,
and ultimately heart failure (1). Therefore, a more
complete understanding of the mechanisms underly-
ing myofibroblast transition may facilitate the gener-
ation of effective therapeutic interventions for
antagonizing this response.

Yes-associated protein (YAP) is the end effector of
the Hippo pathway, an evolutionarily conserved
signaling mechanism critical for the regulation of or-
gan size (5). YAP responds to a variety of extracellular
cues to enhance proliferation and survival in multiple
cell and tissue types (6). Studies from our group and
others have shown that activation of YAP in car-
diomyocytes protects the heart against ischemic
stress (7-10). Conversely, cardiomyocyte-restricted
inhibition of YAP causes lethal dilated cardiomyopa-
thy and predisposes mice to worsened cardiac
remodeling and heart failure after MI (11,12). Impor-
tantly, nearly all cardiac studies involving YAP have
focused on the cardiomyocyte, and YAP function in
adult cardiac fibroblasts during myocardial injury
remains largely unknown.

In the current paper, we determined the role of
endogenous YAP in cardiac fibroblasts in the stressed

elicit activation of resident fibroblasts within = response to MI or chronic neuroendocrine stimula-

tion. Mechanistically, we report that YAP binds to the
myocardin-related transcription factor A (MRTF-A)
gene at putative TEA domain transcription factor
(TEAD) recognition sites, and induces MRTF-A
expression to facilitate myofibroblast transition and
profibrotic gene expression.

METHODS

All methods and supporting data are available within
the paper and the Supplemental Methods and
Supplemental Tables 1 and 2.

ANIMAL MODELS. Conditional Yap1 allele floxed
mice (13) were crossed with knockin mice containing
Mer-Cre-Mer (MCM) inserted in the Tcf21 locus (14)
(Yap™F;Tcf21™M) or transgenic mice harboring
tamoxifen-inducible CreERT2 driven by the Colial
promoter (15) (Yap™¥;Col1ai™*ERT) to generate con-
ditional YAP-deleted mice. All mouse lines were
C57BL/6J background. Age- and sex-matched litter-
mate controls (Yap™F) were used for all experiments,
which were performed blinded to genotype.

All protocols concerning the use of animals were
approved by the Institutional Animal Care and Use
Committee at Rutgers, The State University of New
Jersey (New Brunswick, New Jersey).

NONREPERFUSED MI. Permanent left anterior
descending coronary artery occlusion was used to
induce MI, as previously described (11). Briefly, the
left coronary artery was located, and a suture was
passed under the artery. To occlude the artery, a short
length of tubing was threaded through the suture
ends, and occlusion was affected by placing tension
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FIGURE 1 Angll Activates YAP in Cardiac Fibroblasts
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(A to C) Neonatal rat cardiac fibroblasts (NRCFs) were treated with angiotensin Il (Angll) (100 nM) or vehicle (Veh) for 1 h, followed by
subcellular fractionation and western blotting. (D) NRCFs were stimulated for 24 h, followed by quantitative polymerase chain reaction to
detect Yes-associated protein (YAP) target genes. (E) RhoA was activated by Angll. (F and G) RhoA inhibitor pretreatment for 30 min

(C3; 10 uM) prevented Angll-induced nuclear YAP and TEA domain transcription factor (TEAD) luciferase reporter activity. (H and 1) RhoA
expression activated YAP and increased YAP target genes. (J and K) Injection of Angll (1.0 pg/kg, intraperitoneally) activated YAP selectively
in non-myocyte (NM) heart fractions from C57BL/6J mice after 1 h. Representative blots shown. N = 3 to 4 experiments. *p < 0.05,

**p < 0.01, ***p < 0.001. Student's t-test was used for comparisons in all panels except panel G, where Tukey's post hoc test was used.
ANKRD1 = Ankyrin repeat domain 1; CTGF = connective tissue growth factor; CYR61 = cysteine rich angiogenic inducer 61; cTnT = cardiac
troponin T; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; LacZ = B-galactosidase; Lats2 = large tumor suppressor kinase 2;
mRNA = messenger ribonucleic acid; PDGFR = platelet-derived growth factor receptor.

933



934 Francisco et al.

YAP Mediates Cardiac Fibrosis

JACC:

BASIC TO TRANSLATIONAL SCIENCE VOL. 5, NO. 9, 2020

SEPTEMBER 2020:931-45

FIGURE 2 YAP Mediates Cardiac Myofibroblast Differentiation
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(A and B) Neonatal rat cardiac fibroblasts (NRCFs) were transduced with YAP or LacZ adenovirus for 24 h, or with short hairpin YAP (shYAP) or
short hairpin control (shCT) adenovirus for 48 h, followed by quantitative polymerase chain reaction. (C and D) YAP expression increased a-
smooth muscle actin (2SMA) protein. (E and F) YAP knockdown attenuated Angll-induced aSMA-positive NRCFs. Percent positive cells were
calculated based on 5 fields of view per well. (G and H) YAP expression in NRCFs increased collagen gel contraction. Representative blots
shown. N = 3 to 4 experiments. *p < 0.05, **p < 0.01, ***p < 0.001. Student's t-test was used for comparisons in all panels except panel F,
where Tukey's post hoc test was used. TGF = transforming growth factor; other abbreviations as in Figure 1.
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FIGURE 3 YAP Regulates the Transcription of MRTF-A in Cardiac Fibroblasts
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(A to E) NRCFs were transduced with YAP or LacZ adenovirus (24 h), or with shYAP or shCT (48 h), followed by western blot or quantitative
polymerase chain reaction. (F) Chromatin immunoprecipitation assay to detect myocardin-related transcription factor A (MRTF-A) gene
occupancy of YAP in NRCFs. (G) MRTF-A luciferase reporter construct consisting of the endogenous rat Mkl gene sequence 1 kb proximal to
the start of exon 1 (TSS). Tandem putative TEAD recognition motifs are highlighted. Two additional mutant constructs were generated by
targeting TEAD binding site 1 (Mut1) or site 2 (Mut2) as shown in red. (H and I) YAP expression enhanced luciferase activity using the wild-
type (WT) reporter construct but did not elicit significant activation of either mutant construct. Similar results were obtained by Angll
treatment. (J) YAP knockdown prevented Angll-induced luciferase activity of the WT reporter construct in NRCFs. Representative blots shown.
N = 3 to 4 experiments. *p < 0.05, **p < 0.01, ***p < 0.001. Student's t-test was used for comparisons in C to E. Tukey's post hoc test was
used for comparisons in F and H to J. IgG = immunoglobulin G; other abbreviations as in Figures 1 and 2.
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FIGURE 4 MRTF-A Mediates YAP Induced Cardiac Myofibroblast Differentiation
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(A to C) MRTF-A knockdown prevented YAP-induced aSMA expression in NRCFs. (D to G) The MRTF-A inhibitor CCG-203971 (CCG; 10 uM)
prevented YAP-induced aSMA and MRTF-A expression in NRCFs. (H and 1) MRTF-A inhibition prevented YAP-induced collagen gel contraction
in NRCFs. Representative images shown. N = 3 to 4 experiments. *p < 0.05, ***p < 0.001. ns = not significant. Tukey's post hoc test was used
for all comparisons. siMRTF = short interfering MRTF-A RNA; siCT = short interfering control RNA; Other abbreviations as in Figures 1 to 3.
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FIGURE 5 YAP Promotes Human Cardiac Myofibroblast Differentiation Through Induction of MRTF-A
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(A and B) Primary human ventricular fibroblasts were stimulated with Angll (100 nM) for 10 min and western blot performed, or for 24 h and
YAP target genes determined by quantitative polymerase chain reaction. (C to F) Pretreatment for 30 min with the YAP inhibitor verteporfin
(VP; 0.5 uM) prevented Angll-induced gene expression in human fibroblasts. (G to J) YAP expression increased MRTF-A and ¢SMA expression in
human fibroblasts. (K to N) Pretreatment for 30 min with the MRTF-A inhibitor CCG-203971 (CCG; 10 uM) prevented YAP-induced gene
expression in human fibroblasts. N = 3 to 4 experiments. *p < 0.05, **p < 0.01, ***p < 0.001. Student's t-test (B, H to J) and Tukey's post
hoc test (C to F and K to N) were used for comparisons. DMSO = dimethyl sulfoxide; other abbreviations as in Figures 1 to 4.
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FIGURE 6 Myocardial Fibrosis Is Attenuated in Yap™;Tcf21" Mice Following MI
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(A) Three days after myocardial infarction (MI), WT C57BL/6J hearts were dissociated into cardiomyocyte- and NM-enriched fractions and used
for western blotting. (B to J) Yap™" and Yap™F;Tcf21MM mice were subjected to Ml or sham. (B) NM-enriched fractions were used for
quantitative polymerase chain reaction to detect YAP targets in mice of indicated genotypes (F/F = Yap™; KO = Yap//*;Tcf21"M). (C to F)
Four weeks after MI, echocardiography and postmortem analysis were performed. (G and H) Fibrosis was attenuated in Yap™*; Tcf21M post-
MI hearts. Scale bar, 100 um. Representative images from remote region are shown. (I and J) Immunostaining was performed in post-MI
hearts to detect «SMA (green) and troponin-T (red). Arrows indicate aSMA-positive NMs. Scale bar, 50 um. Representative images from
infarct border region are shown. N = 4 to 18 mice/group. *p < 0.05, **p < 0.01, ***p < 0.001. Student's t-test (H and J) and Tukey's post hoc
test (B to F) were used for comparisons. LVEF = left ventricular ejection fraction; LVIDd = left ventricular end-diastolic dimension;
PWTd = diastolic posterior wall thickness; HW/TL = heart weight to tibia length ratio other abbreviations as in Figures 1 to 5.




JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 5, NO. 9, 2020
SEPTEMBER 2020:931-45

Francisco et al.
YAP Mediates Cardiac Fibrosis

FIGURE 7 Mi-Induced Expression of Fibrosis-Associated Genes Is Attenuated in Yap™*;Tcf21"™ Myocardium
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Yap™* and Yap™*;Tcf21MM mice were subjected to sham or Ml for 4 weeks. (A to €) Quantitative polymerase chain reaction determined gene
expression from MI (remote area) or sham-operated hearts. (D to F) Western blot determined protein expression. Representative blots shown.
N = 4 mice per group. *p < 0.05, ***p < 0.001. Tukey's post hoc test was used for all comparisons. Abbreviations as in Figures 1 to 4 and 6.

on the suture such that the tube compressed the ar-
tery. Ischemia was confirmed by electrocardiography
change (ST-segment elevation). For sham operation,
the same protocol was followed; however, no ligation
of the coronary artery was performed.
Angll/PHENYLEPHRINE TREATMENT. Chronic Angll/
phenylephrine (PE) infusion was attained by using
osmotic mini-pumps (Alzet, Durect Corporation,
Cupertino, California) that were implanted subcuta-
neously in 8- to 10-week-old mice under anes-
thesia (2.5% Avertin, 12 pl/g body weight). Angll
(288 pg/kg/day) with PE (100 mg/kg/day) was deliv-
ered for 2 weeks as previously described (16). Control
groups received vehicle infusion.

CELL-BASED STUDIES. Primary neonatal rat cardiac
fibroblasts (NRCFs) and human ventricular fibroblasts
were cultured as described elsewhere (7,17). Adeno-
viral transduction, transfection, luciferase reporter
assays, chromatin immunoprecipitation, immuno-
blotting, immunostaining, quantitative polymerase
chain reaction, and collagen gel contraction assays
were performed using primary cells.

STATISTICAL ANALYSIS. All data are reported as
mean + SEM. Evaluation between 3 or more groups
was performed by using one-way analysis of variance.
Post hoc multiple pairwise comparisons were per-
formed by using Tukey’s test. Student’s t-test was
used to evaluate the difference in means between 2

939



940 Francisco et al.
YAP Mediates Cardiac Fibrosis

TABLE 1 Echocardiographic Analysis of Yap™/*;Tcf21"™ Mice Subjected to MI

Yap*/f Yap™/F;Tcf21MM
Sham (n = 12) MI (n =11) Sham (n = 15) MI (n =18)
LVIDd (mm) 3.57 £ 0.12 4.31 £ 0.13* 3.55 + 0.09 3.95 £+ 0.11F
LVIDs (mm) 223+ 0.15 3.28 £ 0.19% 222 +£0.12 2.74 £ 0.16
1VSd (mm) 0.79 £+ 0.03 0.79 £+ 0.05 0.82 + 0.02 0.88 + 0.03
PWTd (mm) 0.71 £ 0.02 0.95 + 0.04* 0.78 £ 0.02 0.91 + 0.03t
LVEF (%) 68.6 + 2.9 48.1 + 4.1% 68.1 + 3.0 58.7 £ 3.9

Values are mean =+ SEM. *p < 0.001. tp < 0.05. #p < 0.01 versus respective sham.

1IVSd = diastolic septal wall thickness; LVEF = left ventricular ejection fraction; LVIDd = left
ventricular end-diastolic dimension; LVIDs = left ventricular end-systolic dimension;
MI = myocardial infarction; PWTd = diastolic posterior wall thickness.

groups. The normality of continuous variables was
determined by using the Shapiro-Wilk test. Statistical
analyses were performed by using GraphPad Prism
version 8 (GraphPad Software, La Jolla, California). A
p value <0.05 was considered statistically significant.

RESULTS

YAP IS ACTIVATED BY Angll IN CARDIAC FIBROBLASTS.
To determine YAP activation in response to stress,
primary NRCFs were stimulated with Angll. We
observed a significant decrease in both YAP and large
tumor suppressor kinase 2 (Lats) phosphorylation,
indicating YAP activation (Figures 1A and 1B). AnglII
also increased YAP nuclear localization and YAP
target gene expression in cardiac fibroblasts (Figures
1C and 1D). AnglI treatment activated RhoA, and in-
hibition of RhoA with C3 toxin attenuated Angll-
induced YAP nuclear localization and TEAD lucif-
erase reporter gene activation (Figures 1E to 1G). In
addition, expression of activated RhoA was sufficient
to activate YAP (Figures 1H and 1lI). Together, these
data indicate that RhoA mediates Angll-stimulated
YAP activation in cardiac fibroblasts.

To determine YAP activation status in vivo, we
injected wild-type C57Bl/6J mice with Angll, isolated
hearts after 1 h, and generated cardiomyocyte and
nonmyocyte-enriched fractions. Fraction purity was
determined by expression of cardiomyocyte-specific
and fibroblast-specific markers, troponin T, and

TABLE 2 Echocardiographic Analysis of Yap™F;Col1a1°"*ER™ Mice Subjected to MI

Vap”r YﬂpF/F,'COHGf:mERT
Sham (n = 8) MI (n =10) Sham (n =7) MI (n = 15)
LVIDd (mm) 3.49 + 0.15 4.48 + 0.24* 3.61+ 0.1 4.23 + 0.141
LVIDs (mm) 1.98 + 0.20 3.59 + 0.29% 243 +£0.19 2.93 + 0.17§
IVSd (mm) 0.86 + 0.02 0.78 £+ 0.05 0.88 + 0.04 0.91 + 0.04||
PWTd (mm) 0.83 +£0.03 0.97 £ 0.05 0.79 £ 0.04 1.00 £ 0.03*
LVEF (%) 74.7 + 3.7 41.9 + 5.0% 66.9 + 4.3 57.5 + 2.9§

Values are mean + SEM. *p < 0.01. tp < 0.05. #p < 0.001 versus respective sham. §p < 0.05. ||p < 0.01 versus

Yap™* M.

Abbreviations as in Table 1.
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platelet-derived growth factor receptor (PDGFR)-a,
respectively. Angll treatment increased YAP activa-
tion, as determined by phosphorylation, as well as
YAP target gene expression, in fibroblast-enriched
fractions, indicating that AnglI activates YAP in vivo
(Figures 1J and 1K).

YAP MEDIATES Angll-INDUCED MYOFIBROBLAST
DIFFERENTIATION. Angll drives myofibroblast tran-
sition, which contributes to fibrotic remodeling in the
heart (1). To investigate if YAP mediates this process,
we first determined expression of established pro-
fibrotic genes in fibroblasts subjected to increased or
decreased YAP expression. YAP expression signifi-
cantly up-regulated Coliai, Tgff1, and oaSMA
messenger ribonucleic acid (mRNA), as well as the
established YAP target genes Ctgf, Cyr61, and Ankrdi.
Conversely, knockdown of endogenous YAP signifi-
cantly down-regulated these genes (Figures 2A and
2B). Increased de novo expression of a-SMA is a
marker of the myofibroblast phenotype. YAP expres-
sion caused a significant increase in a-SMA protein
levels (Figures 2C and 2D). Our data also show that
aSMA-positive cardiac fibroblasts were increased by
Angll treatment, and this outcome was significantly
attenuated in YAP-depleted cells (Figures 2E and 2F).
We also assayed the ability of fibroblasts to
contract a collagen lattice in response to YAP over-
expression and found it was significantly enhanced
(Figures 2G and 2H). Using overexpression and knock-
down approaches, we show that YAP increases cardiac
fibroblast proliferation, as determined by Ki-67,
phosphorylated histone H3, and cell viability assay,
indicating functional consequences of YAP activation
in the cardiac fibroblast (Supplemental Figure 1).

YAP PROMOTES MRTF-A EXPRESSION. To elucidate
how YAP regulates myofibroblast differentiation, we
investigated the role of MRTF-A, a transcriptional co-
activator that mediates pro-fibrotic gene expression
in the heart (18). Prior research indicates transcrip-
tional cooperation between YAP and MRTF-A (19);
however, very little is known regarding the regulation
of MRTF-A expression itself. We found that increased
YAP up-regulated MRTF-A mRNA and protein in car-
diac fibroblasts. Conversely, knockdown of YAP
decreased MRTF-A protein and mRNA (Figures 3A to
3E), indicating that YAP positively regulates MRTF-A
through enhanced transcription. Examination of the
rat Mkli (MRTF-A) gene revealed 2 putative TEAD
consensus-binding sequences ~500 bp upstream of
the start of exon 1. In mouse and human Mkl1, we
identified 1 conserved TEAD motif located at approx-
imately the same position proximal to exon 1, as well
as a second site ~600 bp further upstream, indicating
a certain degree of conservation between species.
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FIGURE 8 Fibrosis Is Attenuated in Yap/F;Tcf21"™ Hearts Following Chronic Angll With PE Infusion
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Yap™F and Yap™F;Tcf21MM mice were subjected to continuous infusion of Angll (288 ua/kg per day) with phenylephrine (PE) (100 mg/kg per
day) or Veh control using osmotic mini-pumps. (A) Cardiac function (LVEF) was determined after a 2-week infusion. (B to F) After 2 weeks,
postmortem and histological analyses were performed. (C and D) Cardiomyocyte area was determined by wheat germ agglutinin (WGA)
staining. Scale bar, 100 pum. (E and F) Fibrosis was attenuated in YapF/F;chZIMCM hearts post-infusion. Scale bar, 100 um. (G to I) Western
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*p < 0.05, **p < 0.01, ***p < 0.001. Tukey's post hoc test was used for all comparisons. Abbreviations as in Figures 4, 6, and 7.
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We performed chromatin immunoprecipitation in
NRCFs wusing anti-YAP antibody and observed
enrichment of YAP at this predicted TEAD-binding
site (Figure 3F), indicating MRTF-A gene occupancy.
Luciferase assays were performed by using the
endogenous 1 kb region proximal to exon 1 of the rat
Mkl1 gene to drive reporter gene expression
(Figure 3G). We tested the wild-type sequence, as well
as 2 different mutant constructs that were generated
by targeting TEAD-binding sites 1 and 2. Over-
expression of YAP was sufficient to enhance lucif-
erase expression using the wild-type construct;
however, YAP-induced reporter gene expression was
prevented in both mutant constructs (Figure 3H).
Similar results were obtained with Angll treatment,
indicating that both sites are necessary for reporter
gene induction (Figure 3I). In addition, YAP knock-
down abolished Angll-induced luciferase activation
of the wild-type construct in cardiac fibroblasts
(Figure 3J). Treatment of NRCFs with verteporfin, an
inhibitor that prevents YAP-TEAD association,
decreased baseline MRTF-A and oSMA expression,
and attenuated Angll-induced up-regulation of
MRTF-A and aSMA protein (Supplemental Figure 2).
Similarly, knockdown of endogenous TEAD1 abol-
ished YAP-induced increases in MRTF-A and aSMA
protein (Supplemental Figure 3). These results show
that endogenous YAP occupies the MRTF-A gene and
functions with TEAD1 to regulate MRTF-A expression.
MRTF-A MEDIATES YAP STIMULATION OF MYOFI-
BROBLAST DIFFERENTIATION. We next investi-
gated the functional importance of MRTF-A as a
downstream target of YAP. After MRTF-A depletion,
YAP-induced aSMA mRNA and protein expression
were significantly attenuated (Figures 4A to 4C),
implicating MRTF-A as a critical mediator of pro-
fibrotic gene expression elicited by YAP. We also
tested whether the MRTF-A inhibitor CCG-203971 (20)
could influence YAP-induced signaling and functional
effects in cardiac fibroblasts. The results show that
CCG-203971 treatment significantly attenuated YAP-
induced increases in a-SMA mRNA and protein, as
well as collagen lattice contraction (Figures 4D to 41).
These data indicate a fundamental role for MRTF-A in
YAP-mediated responses.

YAP FUNCTION IN HUMAN CARDIAC MYOFIBROBLAST
DIFFERENTIATION. Importantly, we determined YAP
function in primary adult human ventricular fibro-
blasts. Our findings show that AnglII activated YAP in
human cardiac fibroblasts (Figures 5A and 5B). Treat-
ment with AnglI also up-regulated mRNA expression
of Coliai, Col3a1, Tgfbi, and aSMA, which was pre-
vented by verteporfin, indicating YAP-TEAD depen-
dence (Figures 5C to 5F). YAP expression was
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sufficient to increase pro-fibrotic gene expression, as
well as MRTF-A and «-SMA mRNA and protein in
human cardiac fibroblasts (Figures 5G to 5J). In addi-
tion, this response was attenuated by CCG-203971,
indicating that MRTF-A is an important target of
YAP to mediate myofibroblast differentiation in hu-
man cardiac cells (Figures 5K to 5N).
INHIBITORY TARGETING OF FIBROBLAST YAP IN
VIVO ATTENUATES FIBROSIS AFTER MI. We next
investigated how loss of fibroblast YAP expression
affected collagen deposition in the heart after injury.
We found that YAP was activated in fibroblast-
enriched heart fractions after 3 days of non-
reperfused MI (Figures 6A and 6B). To investigate YAP
function in vivo, we generated mice lacking YAP in
fibroblasts using 2 different tamoxifen-inducible Cre
recombinase mouse lines. Tcf21M™ was used to
delete YAP in quiescent cardiac fibroblasts(14)
(Yap™F; Tcf21MM), and no baseline cardiac phenotype
was observed (Table 1) despite decreased YAP protein
in fibroblast-enriched heart fractions (Supplemental
Figure 4). We then subjected mice to MI by perma-
nent left anterior descending coronary artery occlu-
sion. No difference was observed in initial injury
between genotypes 1 day after ligation (Supplemental
Figure 5). Similarly, no incidence of cardiac rupture
was observed, and no significant difference in sur-
vival occurred Dbetween groups after MI
(Supplemental Figure 6). In floxed control mice, car-
diac function (left ventricular ejection fraction) was
significantly decreased 4 weeks after MI compared
with sham; however, function was preserved in
Yap™F;Tcf21M™ mice after MI (Figure 6C). Cardiac
diastolic chamber and wall dimensions, as well as
cardiac hypertrophy, were similar between control
mice and Yap™F;Tcf21MM mice at baseline and after
MI (Figures 6D to 6F, Supplemental Figure 7). How-
ever, a significant reduction in remote area terminal
deoxynucleotidyl transferase dUTP nick end labeling-
positive cardiomyocyte nuclei was observed in
Yap™F; Tcf21M mice compared with control mice.
Importantly, we also assessed the extent of fibrosis
after MI. Although scar size trended smaller in
Yap™F;Tcf21MM hearts, statistical significance was
not attained (Supplemental Figure 8); however,
Yap™F;Tcf21MM mice exhibited significant attenua-
tion of collagen deposition throughout the left
ventricle, as determined by Picrosirius red staining
(Figures 6G and 6H). We also observed fewer cycling
fibroblasts (Ki-67'PDGFR-a" cells), indicating less
proliferation, and fewer fibroblasts overall (PDGFR-a.*
cells) in the infarct and border regions of
Yap®™F;Tcf21M™ hearts 3 days after MI (Supplemental
Figure 9). In addition, the number of «SMA-positive
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cells in the infarct and border zone of Yap™¥; Tcf21MeM
mice was attenuated compared with control mice,
indicating the reduced presence of myofibroblasts in
Yap™F; Tcf21MM hearts after MI (Figures 61 and 6J).
Analyses using Col1ai®™FRT (Yap™F;Col1a1°™FRT) to

TABLE 3 Echocardiographic Analysis of Yap™F;Tcf21"™ Mice Subjected to
Angll/PE Infusion

Yap*/* Yap*/F:Tcf21MM

Vehicle (n = 4) Angll/PE (n = 8) Vehicle (n = 6) Angll/PE (n = 5)

remove YAP expression in cardiac fibroblasts (21) LvIDd (mm) 365  0.26 849 2 G0 3242 Q0SB 2 QI
. L. . LVIDs (mm) 2.33+024  228+013 264+009 205+0.15
ylel(Fide Smﬂl/[l(ljir re-sults to those observed in IVSd (mm) 079+ 0.06 0.86+0.05 0.73+0.04 0.86 + 0.04
Yap™;Tcf21 mice (Table 2, Supplemental | pyrq(mm) 0654005 0814004 072+005 0.83+0.03
Figures 4, 6, 8 to 13). Determination of ECM-related LVEF (%) 67.0 + 3.1 651+ 27 621412 65.6 + 4.3

gene expression in the remote area revealed attenu-
ated Colia1l, Col3ai, and Tgfb1 mRNA in Yap™
FiTcf21MM hearts after MI compared with control
mice (Figures 7A to 7C). Protein expression of MRTF-A
and aSMA was also attenuated in Yap™F;Tcf21MM
mice after MI (Figures 7D to 7F). Together, these re-
sults indicate that depletion of fibroblast YAP pre-
vents MRTF-A induction, attenuates fibroblast
proliferation, and impedes myofibroblast transition,
collagen deposition, and cardiac dysfunction that
develop in response to nonreperfused MI in mice.
YAP DELETION IN FIBROBLASTS ATTENUATES FIBROSIS
CAUSED BY NEUROENDOCRINE STIMULATION. We also
modeled chronic injury to drive cardiac hypertrophy
and fibrosis by continuous infusion of AngIl with PE
as previously described (16). No difference in cardiac
function or hypertrophy was observed between con-
trol mice and YAP-deficient mice infused with
AnglI/PE for 2 weeks (Figures 8A to 8D, Table 3).
However, fibrosis was significantly attenuated in
Yap™F; Tcf21™M hearts compared with control hearts
(Figures 8E and 8F). Protein analysis revealed signifi-
cant attenuation of MRTF-A and aSMA in left ven-
tricular tissue isolated from Yap™¥;Tcf21MM mice
compared with Yap™¥ mice after Angll/PE treatment
(Figures 8G to 8l). Attenuation of Coliai, Col3a1, and
Tgfb1 mRNA in Yap™F;Tcf21M™ hearts was also
observed (Figures 8J to 8L). Taken together, these
results show that fibroblast YAP is a critical factor that
necessitates adverse fibrosis in the heart in response
to clinically relevant disease stimuli.

DISCUSSION

The current study examined the function of endoge-
nous YAP in cardiac fibroblasts. We observed YAP
activation in fibroblast-enriched heart fractions in
response to both nonreperfused MI and AnglII stimu-
lation in vivo, suggesting that multiple types of stress
are competent to stimulate YAP in this cellular
compartment. Importantly, deletion of fibroblast YAP
significantly attenuated cardiac fibrosis and pre-
vented cardiac dysfunction after MI or chronic
neuroendocrine stimulation. In addition, the ability
of YAP to mediate myofibroblast differentiation
seems conserved to human cardiac fibroblasts.

Values are mean + SEM. *p < 0.05 versus respective vehicle.
Angll = angiotensin II; PE = phenylephrine; other abbreviations as in Table 1.

Together, these results show a pathological role for
fibroblast YAP in adverse cardiac remodeling and
suggest that YAP may represent a novel therapeutic
target for the treatment of fibrosis and heart failure.

Studies regarding YAP function in lung (22), liver
(23), and kidney (24) fibroblasts have reported posi-
tive effects on proliferative, contractile, and migra-
tory capacity. Genetic inhibition of the Hippo
pathway in cardiac fibroblasts via Lats1/2 deletion
elicited a pro-fibrotic response, which was exacer-
bated by MI and largely attenuated by concomitant
suppression of YAP/transcriptional coactivator with
PDZ-binding motif (TAZ), suggesting that endogenous
inhibition of YAP/TAZ via Hippo restrains cardiac
fibrosis (25). This is consistent with our current find-
ings. We observed that fibroblast YAP activation is
limited at baseline, and deletion of YAP in fibroblasts
in the absence of injury has no obvious cardiac effect.
In addition, we found a salutary effect of fibroblast
YAP inhibition during MI, similar to previous obser-
vations. Interestingly, heightened fibroblast YAP/TAZ
activity in the Lats1/2-deficient mice augmented non-
cell autonomous apoptosis, an effect consistent with
our observation of reduced cardiomyocyte apoptosis
in fibroblast YAP-deficient mice post-MI. Taken
together, our findings are predominantly in accord
with other reports, yet advance the field by: 1)
demonstrating endogenous YAP activation in heart
fibroblast fractions after ischemic or neuroendocrine
stress; 2) elucidating a pathological role of fibroblast
YAP in cardiac fibrosis and dysfunction; 3) demon-
strating that pharmacological inhibition of YAP-TEAD
prevents cardiac myofibroblast activation; and 4)
providing a novel mechanistic layer of MRTF-A
regulation that underlies YAP function.

Several established signaling pathways that modu-
late cardiac fibrosis have been defined, including
transforming growth factor (TGF)-B-Smads, p38a,
transient receptor potential cation channel subfamily
C member 6 (TRPC6)-calcineurin-nuclear factor of
activated T cells (NFAT), and RhoA-MRTF-serum
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response factor (SRF) (16,18,26-28). Although the
functional importance of each has been documented
in isolation, there is also convincing evidence of
interpathway communication leading to complex
signaling networks that modulate fibrosis (28). RhoA
signaling directs the nuclear localization of MRTF-A to
control ECM-related genes (29-31), and the Hippo-YAP
pathway intersects with MRTF-A and SRF to further
modulate gene expression (19,32). However, the
regulation of MRTF-A expression itself is largely
unexplored. To our knowledge, investigation of
transcriptional regulation of MRTF-A in models of
heart failure has not been reported, although AnglII
and PE stimulation have been shown to up-regulate
MRTF-A expression in neonatal rat cardiomyocytes
(33). Mechanistically, we show that YAP associates at
2 putative TEAD-response elements in the Mkl1 gene
and promotes the transcription and expression of
MRTF-A in cardiac fibroblasts. Previous reports have
linked YAP to TGF-B-Smad and RhoA signaling
(19,32,34). In the current study, we observed YAP-
mediated regulation of TGF-f1 expression in cardiac
fibroblasts, indicating the potential for cross-talk
between these pathways, and it will be of interest
to determine whether YAP influences TGF-B-Smad
signaling to further modulate cardiac fibrosis. We
also found that Angll-induced activation of YAP is
mediated by RhoA, indicating that RhoA likely serves
as a nodal point to integrate regulatory signals during
myofibroblast differentiation (35).

Previous research showed that MRTF-A null mice
have smaller left ventricular scars, less fibrosis, and
attenuated ECM gene expression after MI (18). Our
resultsin fibroblast YAP-deficient mice showed similar
effects on fibrosis and heart function. We predict this
is a result of limiting the proliferative capacity of car-
diac fibroblasts and myofibroblast differentiation
mediated by YAP; however, we cannot rule out addi-
tional mechanisms, including potential paracrine ef-
fects on other cell types such as cardiomyocytes,
macrophages, and vascular cells. Indeed, we observed
reduced cardiomyocyte apoptosis in fibroblast YAP-
deficient hearts. The protection resulting from fibro-
blast YAP targeting is a striking contrast to the effect of
cardiomyocyte-specific YAP deletion, which causes
worsened cardiac remodeling and function after MI
(11,12) and reinforces the importance of cell type
specificity of signaling in the heart.

The current study reports a relatively mild MI as
determined by left ventricular functional decline,
chamber dilation, and scar size. Although we deter-
mined the initial infarct, and found no differences
between control mice and YAP-targeted mice
(Supplemental Figure 5), it is difficult to directly
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compare extent of injury/area at risk versus previous
reports as most studies do not include these data (36).
Based on our results, fibroblast deletion of YAP pro-
vides benefit for ischemia-induced remodeling and
does not alter the likelihood of cardiac rupture or
death after MI (Supplemental Figure 6). However, this
does not preclude the possibility that YAP may also
have a reparative function post-MI, which might be
apparent in the context of a larger infarct.

STUDY LIMITATIONS. We conducted this investiga-
tion in male mice. Sex differences in MI injury have
been reported (37). Verteporfin has been shown to
effectively inhibit YAP-TEAD function in vivo; how-
ever, studies using TEAD1-deficient mice to rule out
potential off-target effects would be ideal.

CONCLUSIONS

Our findings identified a YAP-MRTF-A signaling axis
in cardiac fibroblasts and show a fundamental role for
YAP in modulating the myofibroblast phenotype and
cardiac fibrosis in response to injury. We describe an
opposing and detrimental function of YAP in cardiac
fibroblasts compared with the protective function of
YAP in cardiomyocytes. This work underscores the
impact of selective YAP targeting on heart remodeling
and dysfunction during chronic stress, and raises the
potential of therapeutic targeting of fibroblast YAP for
translational applications.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:
Fibrosis is one of the major components of adverse
cardiac remodeling and the transition to heart failure.
Inhibition of YAP activity in cardiac fibroblasts atten-
uates post-infarction fibrosis and ventricular
dysfunction in mice by limiting myofibroblast differ-
entiation, proliferation, and ECM production.

TRANSLATIONAL OUTLOOK: Future studies are
warranted to determine the potential therapeutic
benefit of YAP inhibition in cardiac fibroblasts for the
prevention of cardiac remodeling and heart failure
following infarction.
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