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Critical role of PAFR/YAP1 positive feedback loop in
cardiac fibrosis
Tian-yu Li1, Wei Su1, Liang-liang Li1, Xiao-guang Zhao2, Na Yang1, Jia-xin Gai3, Xin Lv1, Jing Zhang1, Meng-qin Huang1, Qing Zhang1,
Wei-hang Ji1, Xiao-ying Song1, Yu-hong Zhou1, Xue-lian Li1, Hong-li Shan4 and Hai-hai Liang1,5

Aberrant activation of cardiac fibroblasts is the main cause and character of cardiac fibrosis, and inhibition of cardiac fibrosis
becomes a promising treatment for cardiac diseases. Platelet-activating factor (PAF) and Hippo pathway is recently recognized as
key signaling mechanisms in cardiovascular diseases. In this study we explored the potential roles of PAF and Hippo signaling
pathway in cardiac fibrosis. Myocardial infarction (MI) was induced in mice by left anterior descending artery ligation. After
28 days, the mice were sacrificed, and the hearts were collected for analyses. We showed that PAF receptor (PAFR) and yes-
associated protein 1 (YAP1, a key effector in the Hippo pathway) were significantly increased in the heart of MI mice. Increased
expression of PAFR and YAP1 was also observed in angiotensin II (Ang II)-treated mouse cardiac fibroblasts. In mouse cardiac
fibroblasts, forced expression of YAP1 increased cell viability, resulted in collagen deposition and promoted fibroblast-
myofibroblast transition. We showed that PAF induced fibrogenesis through activation of YAP1 and promoted its nuclear
translocation via interacting with PAFR, while YAP1 promoted the expression of PAFR by binding to and activating transcription
factor TEAD1. More importantly, silencing PAFR or YAP1 by shRNA, or using transgenic mice to induce the conditional deletion of
YAP1 in cardiac fibroblasts, impeded cardiac fibrosis and improved cardiac function in MI mice. Taken together, this study
elucidates the role and mechanisms of PAFR/YAP1 positive feedback loop in cardiac fibrosis, suggesting a potential role of this
pathway as novel therapeutic targets in cardiac fibrosis.
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INTRODUCTION
Cardiovascular diseases, along with irreversible cardiac fibrosis, are
a major cause of death worldwide. Damage to the heart initiates
the process of repair; however, sustained impairment exaggerates
the proliferation of cardiac fibroblasts (CFs), which leads to the
overdeposition of extracellular matrix (ECM), ultimately causing
arrhythmia and heart failure [1, 2]. Nevertheless, effective therapy
for cardiac fibrosis still needs to be explored due to lack of valid
therapeutic methods. Thus, it is urgent to reveal the underlying
mechanism of cardiac fibrosis to lay a solid theoretical foundation
of theory and provide a possible future treatment.
As one of the most well-known cytokines, PAF participates in

the generation and development of multiple cardiovascular
diseases, such as arrhythmia, coronary heart disease, and ischemic
heart disease [3–5]. Upregulation of PAF in patients with heart
failure has also been reported [6, 7], but it remains to be
determined whether PAF is involved in myocardial fibrosis and, if
so, what the molecular and signaling mechanisms are for its
actions.

The Hippo pathway plays critical roles in cell proliferation,
apoptosis, development and organ size control [8–10]. Recently,
an increasing amount of evidence suggests that dysregulation
of the Hippo pathway contributes to multiple diseases, including
heart diseases [11–14]. Xin et al. found that YAP1, a downstream
effector of the Hippo pathway, promoted cardiac regeneration
by activating the insulin-like growth factor and Wnt signaling
pathways [15]. However, the role of the Hippo pathway in the
progression of cardiac fibrosis is not well understood. In
addition, the upstream factors that control the Hippo pathway
need to be identified. Yu et al. found that the Hippo pathway
was regulated by G protein-coupled receptor (GPCR) signaling
[16]. We supposed that PAFR, as a classical GPCR, regulates the
activities of the Hippo pathway to mediate a profibrotic effect of
PAF in the heart.
In this study, we found that PAF promoted fibrogenesis

through activation of YAP1 by binding to PAFR. Conversely,
YAP1 enhanced the expression of PAFR by binding to the
transcription factor TEAD1. Moreover, we found that silencing

Received: 14 December 2021 Accepted: 15 March 2022
Published online: 8 April 2022

1Department of Pharmacology (State-Province Key Laboratories of Biomedicine-Pharmaceutics of China, Key Laboratory of Cardiovascular Research, Ministry of Education),
College of Pharmacy, Harbin Medical University, Harbin 150081, China; 2Zhuhai People’s Hospital, Guangdong Provincial Key Laboratory of Tumor Interventional Diagnosis and
Treatment, Zhuhai Hospital Affiliated with Jinan University, Jinan University, Zhuhai 519000, China; 3Department of Cardiology, The Fourth Affiliated Hospital of Harbin Medical
University, Harbin 150001, China; 4Shanghai Frontiers Science Research Center for Druggability of Cardiovascular Noncoding RNA, Institute for Frontier Medical Technology,
Shanghai University of Engineering Science, Shanghai 201620, China and 5Research Unit of Noninfectious Chronic Diseases in Frigid Zone (2019RU070), Chinese Academy of
Medical Sciences, Harbin 150081, China
Correspondence: Hong-li Shan (shanhl@sues.edu.cn) or Hai-hai Liang (lianghaihai@ems.hrbmu.edu.cn)
These authors contributed equally: Tian-yu Li, Wei Su, Liang-liang Li.

www.nature.com/aps

© The Author(s), under exclusive licence to Shanghai Institute of Materia Medica, Chinese Academy of Sciences and Chinese Pharmacological Society 2022

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-022-00903-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-022-00903-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-022-00903-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-022-00903-9&domain=pdf
mailto:shanhl@sues.edu.cn
mailto:lianghaihai@ems.hrbmu.edu.cn
www.nature.com/aps


PAFR or YAP1 attenuated cardiac fibrosis and improved heart
function in MI mice. This study elucidated the role and
mechanism of the PAFR/YAP1 loop in cardiac fibrosis, indicating
the potential for this pathway as a novel therapeutic target for
cardiac fibrosis.

MATERIALS AND METHODS
Animals and experimental model of myocardial infarction (MI)
Male C57BL/6 mice (25 g–30 g) were purchased in the standard
animal room of the Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). YAP1fl/fl and Col1a2CreERT
mice were purchased from The Jackson Laboratory (Bar Harbor,
USA). Then the YAP1fl/fl mice were crossed into Col1a2CreERT
mice, which are referred to as YAP1-cKO mice. Six- to eight-
week-old male mice were treated with tamoxifen at a dose of 80
mg/kg intraperitoneally for 5 days, and then, the mice were
allowed to rest for 1 week after the last injection to induce the
conditional knockout of YAP1 in fibroblasts. Mice were raised
under controlled temperature and humidity conditions (45% RH)
with a 12-h light/dark cycle. The mice were intraperitoneally
injected with Avertin (250 mg/kg), two layers of muscles were
separated by hemostatic forceps, and the heart was exposed
after opening the chest. The left anterior descending artery was
ligated with a 7/0 ligature. All surgical procedures were
performed under sterile conditions. Successful occlusion was
confirmed by elevation of the S-T segment in lead II. After
28 days, the mice were anesthetized and sacrificed, and then,
the hearts were quickly isolated. The portion of the heart
bordering the MI was prepared for Masson staining and other
experiments. All experiments concerning animals and cells were
approved by the Harbin Medical University Experimental Animal
Ethics Committee and complied with the Helsinki Declaration
of 1975.

Isolation and culture of cardiac fibroblasts
CFs were isolated from 1- to 3-day-old C57BL/6 mice, and hearts
were cut into small chunks. The tissue was digested with tryptase/
EDTA (Gibco, Grand Island, USA) and PBS at 4 °C for 8–12 h. Type II
collagenase digestion was added at 37 °C for 10–15min. The
above steps were repeated 3–4 times. The cells were precipitated
by centrifugation and cultured in complete medium (90% DMEM
+ 10% FBS). After 60min of incubation in the incubator, the
nonadherent cardiomyocytes were discarded, and the primary CFs
were cultured in complete medium for 48 h for the next step.
Before transfection, the medium was replaced with DMEM, and
the cells were transfected with sh-PAFR by Lipofectamine 2000
(Invitrogen, Carlsbad, USA) in Opti-MEM according to the
manufacturer’s protocol. Six hours later, the medium was replaced
with complete medium.

Masson and HE staining
The heart tissue was fixed with 4% paraformaldehyde for 1 day,
embedded with paraffin and then cut into 5 μm slices. The slides
were dewaxed with xylene and then rehydrated with graded
ethanol for the following staining assay. For Masson staining, the
tissue was stained following the protocol of a Masson Trichrome
Staining kit purchased from Solarbio (Beijing, China). Tissue
slides were stained with hematoxylin iron and then differen-
tiated by acid alcohol. Subsequently, the slides were stained with
bluing solution and rinsed with distilled water. Then, the slides
were stained with ponceaux and washed with 1% acetic acid
solution and phosphomolybdic acid solution. Later, the slides
were put into aniline blue solution and washed with 1% acetic
acid solution. Finally, the sections were dehydrated and
mounted in xylene and then sealed with neutral balsam. For
HE staining, the slides were stained with hematoxylin, differ-
entiated with acid alcohol then soaked in tap water. Next,

sections were stained by eosin and rinsed with tap water. Finally,
the sections were dehydrated and mounted in xylene and then
sealed with neutral balsam. The figures were quantified by
Image J.

Immunohistochemistry (IHC)
The slides were dewaxed with xylene and rehydrated with graded
ethanol. The slides were incubated with 3% H2O2, and the antigen
retrieval process was applied with sodium citrate buffer. Next, the
slides were blocked with blocking buffer and then incubated with
primary antibody overnight at 4 °C. Then, the sections were
incubated with the secondary antibody and stained with DAB
reagent purchased from ZSGB-BIO (Beijing, China). Finally, the
sections were dehydrated and mounted in xylene and then sealed
with neutral balsam.

MTT cell viability assay
Cell viability was measured by MTT assay. CFs were cultured in 96-
well plates. After treatment, the cells were incubated at 37 °C and
5% CO2 for 48 h, and then 20 μL of MTT (0.5 mg/L) solution was
added to the cells. After incubating for another 4 h, the liquid in
the well plate was discarded, and 200 μL of dimethyl sulfoxide was
added to each well of the 96-well plate. The cells were incubated
at room temperature for 15 min. At 490 nm, a microplate reader
was used to read the absorbance value of each well. Relative
absorbance values (normalized to the control) were used as an
indication of cell viability.

Western blotting
Total protein was extracted from cell and heart tissue with a
mixture of RIPA lysis buffer (Beyotime, Jiangsu, China) and
protease inhibitor. The electrophoresis was performed in an
SDS-PAGE gel, and then, the protein was transferred onto
nitrocellulose membranes (Pall Life Science). After blocking with
5% skim milk, the protein blots were probed with primary
antibody at 4 °C overnight. GAPDH (anti-GAPDH antibody from
Kangchen Shanghai, China) was used as an internal control.
Antibodies against YAP1 (Cell Signaling Technology, Beverly, MA),
PAFR and α-SMA (Abcam Inc., USA), collagen I and Fn1
(Proteintech, Wuhan, China), and CTGF (Santa Cruz, Calif., USA)
were used. The next day, the membranes were rinsed with PBST
and incubated with the secondary antibody. The results were
finally quantified by Odyssey v1.2 Software.

Immunofluorescence staining
The culture medium was discarded and the fibroblasts were fixed
in 200 μL 4% paraformaldehyde for 15min at 37 °C. Then the cells
were incubated in 200 μL penetrating solution for 1 h. Cells were
washed with PBS and blocked with 200 μL 50% goat serum for 40
min. Primary antibodies with YAP1 (66900-1-Ig, Proteintech, 1:50)
and α-SMA (ab7817, Abcam, 1:200) were added to each well at 4 °
C for overnight. The cells were incubated in secondary antibody
for 2 h in the dark. Cell nuclei were visualized by DAPI for 5 min at
room temperature. The cells were observed under fluorescence
microscope.

Ultrasound imaging measurements
The mouse was anesthetized by intraperitoneal injection of
Avertin (250 mg/kg), and was fixed on the ultrasound operating
table. The sensor of the Vevo®2000 high-resolution imaging
system was used to obtain the two-dimensional echocardiogram
of the animal and the left ventricle (LV). Two-dimensional
echocardiographic views of the mid-ventricular short axis and
parasternal long Axes M-mode were obtained at baseline and MI.
M-mode was recorded to measure LV wall thickness, end-diastolic
diameter, and end-systolic diameter. The percentage of fraction
shortening (%FS) and ejection fraction (%EF) and other cardiac
functions were calculated by the software.

PAF/YAP1 promotes cardiac fibrosis
TY Li et al.

2863

Acta Pharmacologica Sinica (2022) 43:2862 – 2872



Quantitive real-time RT-PCR (qRT-PCR)
Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, USA) and then reverse-transcribed to complementary
DNA with a cDNA Synthesis SuperMix for qPCR kit (Transgene-
biotech, Beijing, China). qRT-PCR was performed with SYBER
GREEN (Roche, Basel, Switzerland) in an ABI 7500 FAST real-time
PCR system. The result was evaluated based on the Ct value
normalized to GAPDH.

Chromatin immunoprecipitation (ChIP) assays
ChIP assays were carried out as previously described [17] using an
anti-TEAD1 antibody (Abcam Inc., USA). Ten percent chromatin
without immunoprecipitation was used as an input for the
positive control, and a nonspecific antibody (rabbit anti-IgG; BD
Biosciences) served as a negative control. The precipitated DNAs
were subjected to PCR to amplify the TEAD1-binding sites using
primers specific for PAFR-1 (forward: 5′-AACCATTTTAGCATTGAC
AAGG-3′; reverse: 5′-CAGGCTCCATGATAGACGCTG-3′) and PAFR-2
(forward: 5′-CCTCCCCCACCTCTCTCTCCCCTAC-3′; reverse: 5′-
CGGAAGTGGAAAGTGCAGTGCCC-3′). The amplified fragments
were then resolved electrophoretically on a 2% (w/v) agarose
gel and verified by DNA sequencing.

Statistical analysis
Data are presented as mean ± SEM. One way analysis of variance
followed by Bonferroni or Dunnett’s post hoc test was used for
multiple group comparisons. A two-tailed value of P < 0.05 was
considered as statistically significant difference. Data were
analyzed using the GraphPad Prism 5.0.

RESULTS
PAF causes myocardial fibrosis by interacting with PAFR
To determine the role of PAF/PAFR in cardiac fibrosis, we
developed a cardiac fibrosis model in mice with MI. As shown in

Fig. 1a–c, the expression of PAFR was upregulated in the hearts of
MI mice. Consistent with the results from the mouse model, the
expression of PAFR was also increased in CFs treated with
angiotensin II (Ang II) or serum (Fig. 1d–g).
To investigate whether PAF/PAFR upregulation participates in

cardiac fibrosis or is merely a bystander under
conditions favoring fibrogenesis, we first examined the effects
of PAF on the proliferation of CFs. As shown in Fig. 2a, PAF
promoted cell proliferation in a dose-dependent manner at
concentrations below 10 nM, but inhibited the proliferation of
CFs at concentrations above 1000 nM. In addition, PAF
enhanced the expression of PAFR in a dose-dependent manner
(Fig. 2b). Moreover, silencing PAFR with a specific shRNA
(Fig. 2c, d) or pharmacological inhibition of PAFR with
WEB2086 (an antagonist of PAFR) prevented PAF-induced cell
proliferation (Fig. 2e). Furthermore, PAF upregulated the mRNA
levels of collagen 1α1 and collagen 3α1, and silencing PAFR
abrogated this effect of PAF (Fig. 2f, g). Consistent with its
action at the mRNA level, PAF increased the protein levels
of collagen I, fibronectin 1 (Fn1) and alpha smooth muscle actin
(α-SMA), and these effects were abolished by WEB2086 or sh-
PAFR (Fig. 2h, i).

Silencing of PAFR improves heart function and alleviates cardiac
fibrosis in MI mice
We next verified these in vitro results by subsequent in vivo
experiments. To this end, we injected adenovirus carrying the
PAFR shRNA (Adv-sh-PAFR) into mice with MI and then
evaluated the effects of PAFR inhibition on cardiac fibrosis
(Fig. 3a) compared with the results from sham-operated control
mice. As illustrated in Fig. 3a, b, knockdown of PAFR had no
obvious effect on collagen deposition and heart function in
wild-type mice. However, silencing PAFR significantly improved
ejection fraction (EF) and fractional shortening (FS) in MI mice
(Fig. 3c, d). Additionally, PAFR silencing attenuated collagen

Fig. 1 PAF/PAFR is upregulated in myocardial infarction (MI) mice and in fibrotic cardiac fibroblasts (CFs). Elevated expression of PAFR at
the protein and mRNA levels in the peri-infarct area, measured by immunohistochemistry (IHC) (a), qRT-PCR (b) and Western blot (c). qRT-
PCR (d) and Western blot (e) analyses of mRNA and protein levels of PAFR in CFs treated with angiotensin II (Ang II). Increased expression
of PAFR at the mRNA (f) and protein levels (g) in response to different concentrations of serum. n= 5. *P < 0.05, **P < 0.01 vs. sham or
control.
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deposition and inhibited the expression of collagen 1α1,
collagen 3α1, connective tissue growth factor (CTGF) and
fibrotic-related proteins, including collagen I, Fn1, α-SMA and
CTGF, as well as PAFR in the hearts of MI mice (Fig. 3e–g). These
results suggested that PAF/PAFR upregulation is likely an
important contributor to cardiac fibrosis.

PAF/PAFR promotes cardiac fibrosis through the Hippo/YAP1
pathway
The next question we wanted to answer was how PAF/PAFR could
be linked to fibrogenesis. We have mentioned earlier that PAFR
belongs to GPCR and Hippo/YAP1 are known to be activated by

GPCR [16]. We thus proposed that PAF/PAFR could act through the
Hippo/YAP1 pathway. First, we evaluated the role of YAP1 in
cardiac fibrosis. As shown in Fig. 4a–c, YAP1 expression was
significantly increased at both the mRNA and protein levels in MI
mice, as well as in fibrogenic CFs after stimulation with Ang II or
serum (Fig. 4d). Transfection of YAP1 markedly increased the
proliferation of CFs and the expression of collagen 1α1, collagen
3α1 and CTGF in cultured CFs, as well as some other fibrotic-
related genes (Fig. 4e–g). These changes induced the transition of
fibroblasts into myofibroblasts (Fig. 4h).
Moreover, consistent with previous findings, PAF/PAFR

upregulated the expression of YAP1 and CTGF, a downstream

Fig. 2 PAF promotes cardiac fibrosis by interacting with PAFR. a The MTT assay showed that PAF significantly increased CF viability at doses
of 3, 10 and 30 nmol/L. b Elevated protein expression of PAFR assessed by Western blot. c, d Western blot and qRT-PCR assays demonstrated
the expression of PAFR in CFs were transfected with sh-PAFR. e Cell viability experiments detected a reduced cell proliferation rate when CFs
were treated with WEB2086 (an antagonist of PAFR) and sh-PAFR. f, g qRT-PCR analysis indicated altered expression of Col 1α1 and Col 3α1 in
CFs. h, i PAF increased the expression of collagen 1, fibronectin 1 (Fn1), and α smooth muscle actin (α-SMA). WEB2086 and sh-PAFR reduced
the effects of PAF. n= 4. *P < 0.05, **P < 0.01 vs. control or sh-scramble; #P < 0.05, ##P < 0.01 vs. PAF.
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component of the Hippo/YAP1 signaling pathway, which is
known to be a key factor determining cardiac fibrosis (Fig. 5a–c).
Moreover, PAF induced the translocation of YAP1 from the
cytoplasm into the nucleus, along with an increase in the
expression of α-SMA, a marker of myofibroblast formation
(Fig. 5d). Moreover, silencing PAFR attenuated these effects of
PAF on YAP1 (Fig. 5a, b, d), indicating that PAF regulates the
expression and translocation of YAP1 by interacting with PAFR.
These effects were further supported by the results obtained
from the YAP/TAZ responsive luciferase reporter gene assay (8 ×
GTIIC-luciferase): PAF robustly enhanced luciferase activity, an
effect nearly abolished by PAFR inhibitor or shRNA but not by
scrambled control shRNA (Fig. 5e).
We then considered whether PAF/PAFR employs YAP1 to

participate in the process of cardiac fibrosis. To answer this
question, we conducted the following experiments. We first tested
three shRNAs for their potency for silencing YAP1. As illustrated in
Fig. 5f, while both the #1 and #2 shRNAs were able to repress
YAP1 expression at the protein level in the CFs compared with the
sh-Scramble group, label #2 gave rise to the most potent effect.
Therefore, it was used for all subsequent experiments and was
designated sh-YAP1. Along with the silencing of YAP1, CTGF
mRNA was also diminished by sh-YAP1 (Fig. 5g). Sh-YAP1
mitigated PAF-induced cell proliferation in CFs (Fig. 5h), as did
verteporfin (an inhibitor of YAP1-mediated gene expression).
Moreover, inhibition of YAP1 retarded the fibroblast-to-
myofibroblast transition (Fig. 5d) and finally alleviated fibrosis
evoked by PAF (Fig. 5i–k).

PAFR is transcriptionally regulated by YAP1 via a positive feedback
loop
The above data suggested that YAP1 mediated the profibrotic
action of PAF/PAFR. YAP1 exerts its biological function by binding to
the transcription factor TEAD as its transcriptional coactivator to
transcriptionally regulate gene expression [18]. Intriguingly, our
computational analysis revealed that there are three putative
TEAD1-binding sites within the promoter region of the PAFR gene
(Fig. 6a). This finding indicated that YAP1/TEAD1 has the potential to
regulate PAFR expression at the transcriptional level. Our chromatin
immunoprecipitation (ChIP) and qRT-PCR experiments indeed
demonstrated the physical interaction between TEAD1 and the
promoter region of PAFR encompassing the TEAD1-binding sites
and the transcriptional activation of PAFR expression, respectively
(Fig. 6b, c). To determine which of the three binding sites plays a key
role in the interaction, we constructed luciferase reporter plasmids
containing a wild-type or truncated TEAD1-binding site upstream of
the PAFR coding sequences. We found that deletion of TEAD1-
binding site 1 almost eliminated the activation effect of TEAD1 on
PAFR (Fig. 6d), suggesting that site 1 has a crucial role in initiating
transcription. We then constructed a luciferase reporter containing
the 2110-bp region (positions −2000 to +110) (p-PAFR-luc) and a
12-bp TEAD1-binding site 1 mutant (p-mPAFR-luc) and cotrans-
fected the reporter constructs with vector and TEAD1 into CFs. As
shown in Fig. 6e, forced expression of TEAD1 increased p-PAFR-luc
activity, whereas this effect was eliminated when we used the 12-bp
TEAD1-binding site 1 mutant. Furthermore, our qRT-PCR and
Western blot analyses further confirmed that forced expression of

Fig. 3 Knockdown of PAFR inhibits cardiac fibrosis. a Relative mRNA expression of PAFR, Col 1α1 and Col 3α1 in mice after treatment with
Adv-sh-PAFR. n= 5. b Heart function represented by EF (%) and FS (%) showed no change in mice injected with Adv-sh-PAFR. n= 5. c, d
Silencing of PAFR improved heart function in MI mice. n= 10. e HE and Masson staining showed decreased collagen deposition and heart
structure remodeling in PAFR deletion mice. n= 5. f qRT-PCR analysis demonstrated reduced mRNA expression of fibrosis-related genes
and PAFR in mice with knockdown of PAFR. n= 5. g Western blot analysis indicated alleviated expression of fibrosis-associated proteins after
injection of Adv-sh-PAFR in MI mice. n= 4. *P < 0.05, **P < 0.01 vs. sham or control; #P < 0.05, ##P < 0.01 vs. MI.
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either YAP1 or TEAD1 remarkably boosted up the expression of
PAFR at both the mRNA and protein levels (Fig. 6f, g). On the other
hand, interrupting the binding between YAP1 and TEAD1 by
overexpressing YAP1-S94A (a loss-of-function mutant of YAP1) or
applying verteporfin dampened the transactivation of PAFR induced
by YAP1 in CFs (Fig. 6f, g). Taken together, our results indicate that
YAP1 enhances PAFR expression through TEAD1-binding to the
PAFR promoter.

Inhibition of YAP1 ameliorates cardiac fibrosis in mice after MI
To investigate whether suppression of YAP1 in mice could abate
myocardial fibrosis, adenovirus carrying the sh-YAP1 fragment
(Adv-sh-YAP1) was administered to mice 3 days after coronary
artery ligation and sham-operated mice (Fig. 7a). qRT-PCR analysis
showed that silencing of YAP1 by Adv-sh-YAP1 had no effect on
the expression of fibrosis-associated genes such as Col 1α1 and
Col 3α1 in wild-type mice (Fig. 7b), and cardiac function also
showed no change (Fig. 7c). However, knockdown of YAP1 signi-
ficantly improved EF and FS and thus recovered cardiac function
in MI mice (Fig. 7d, e). Simultaneously, inhibition of YAP1 markedly
alleviated the deposition of collagen and reduced fibrosis-related
proteins, including collagen I, α-SMA and CTGF (Fig. 7f–h). In
conclusion, our results revealed that the suppression of YAP1 in
CFs alleviated cardiac fibrosis.
YAP1 promotes cardiomyocyte proliferation during the process of

myocardial infarction and hence facilitates heart regeneration [19–
21]. Hereby, we intended to investigate the expression of YAP1 in
the CFs of MI mice. As shown in Fig. 8a, b, elevated expression of

YAP1 was observed in CFs isolated from MI mice. Furthermore, we
constructed an exogenous estrogen-induced fibroblast-specific
deletion of YAP1 transgenic mice, YAP1fl/fl; Col1a2CreERT transgenic
mice (Fig. 8c), hereinafter referred to as YAP1-cKO mice to elucidate
the role of YAP1 in CFs during cardiac fibrosis. To investigate the
knockout of YAP1 in CFs, we performed agarose gel electrophoresis,
and the results showed positive homozygous bands for YAP1fl/fl at
270 bp and positive bands for Col1a2CreERT at 186 bp (Fig. 8d).
Furthermore, qRT-PCR and Western blot analysis demonstrated
markedly decreased expression of YAP1 at the mRNA and protein
levels in CFs isolated from YAP1-cKO mice (Fig. 8e, f). As shown in
Fig. 8g, h, knockout of YAP1 in CFs dramatically improved cardiac
function in MI mice. In addition, conditional deletion of
YAP1 significantly reduced collagen deposition (Fig. 8i). Moreover,
immunohistochemistry analysis indicated decreased expression of α-
SMA in the hearts of YAP1-cKO mice compared to those of wild-type
mice subjected to MI (Fig. 8i). YAP1 silencing strikingly alleviated the
expression of fibrosis-related proteins, such as Fn1 and Collagen I, as
well as fibrotic genes including Col 1α1, Col 3α1 and Fn1 (Fig. 8j, k).
In conclusion, our results shed light on the loss of YAP1 in CFs
alleviating cardiac fibrosis and improving heart function in MI mice.

DISCUSSION
In the present study, we characterized the profibrotic property of
PAF/PAFR in the setting of MI, which is known to be associated with
enhanced adverse cardiac fibrosis, and we elucidated the molecular
events for the fine regulation of this signaling mechanism. We found

Fig. 4 Forced expression of yes-associated protein 1 (YAP1) provoked fibrogenesis in CFs. YAP1 was increased at both the mRNA and
protein levels in the infarcted heart (a–c) and in CFs treated with Ang II or serum (d). Forced expression of YAP1 with the YAP1 plasmid
promoted cell viability (e), increased the expression of collagen 1α1, collagen 3α1, and CTGF (f), and caused fibrogenesis (g) in CFs.
h Overexpression of YAP1 promoted fibroblast-to-myofibroblast transition. n= 4–6. *P < 0.05, **P < 0.01 vs. sham, control, or vector.
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Fig. 6 YAP1 transcriptionally activates PAFR expression. a The putative binding sites for TEAD1 in the promoter region of the PAFR gene. ChIP
(b) and qRT-PCR (c) analyses revealed that TEAD1 was able to bind to the PAFR promoter region and promoted PAFR expression in CFs. d
Luciferase reporter assays were performed on CFs cotransfected with reporter plasmids containing truncated versions of the promoter region of
the PAFR gene, as indicated, and pRL-TK. e Luciferase reporter assays were performed on CFs transfected with a recombinant vector containing
the base pair (bp) −2000 to +110 PAFR region to the luciferase gene, referred to as p-PAFR-luc. A similar vector with a 12-bp mutation of the
predicted TEAD1-binding site is referred to as p-mPAFR-luc. qRT-PCR (f) and Western blot (g) analyses showing that forced expression of either
YAP1 or TEAD1 increased the expression of PAFR at the mRNA and protein levels. n= 5. *P < 0.05, **P < 0.01 vs. vector; #P < 0.05 vs. YAP1.

Fig. 5 PAF/PAFR employs YAP1 to participate in the process of cardiac fibrosis. a, b Western blot analysis demonstrated reduced protein
expression of YAP1 and CTGF when PAFR was blocked by WEB2086 and sh-PAFR. c qRT-PCR showed decreased expression of CTGF mRNA
while PAFR was inhibited by WEB2086 and sh-PAFR. d PAF promoted nuclear translocation of YAP1 and fibroblast-to-myofibroblast transition.
e PAF increased luciferase reporter activity which contains a synthetic YAP/TAZ responsive element (8 × GTIIC-luciferase). f Western blot
analysis demonstrated decreased expression of YAP1 in CFs treated with YAP1 shRNA. g qRT-PCR indicated reduced expression of YAP1 and
CTGF after deletion of YAP1 by sh-YAP1. h The MTT assay showed decreased cell viability after transfection with sh-YAP or treatment with
verteporfin. i Lower expression of CTGF mRNA was determined by qRT-PCR after silencing YAP1 or treatment with verteporfin in CFs. j, k qRT-
PCR and Western blot experiments demonstrated reduced expression of fibrosis-related mRNA and proteins after the disruption of YAP or
TEAD1 in CFs. n= 4–6. *P < 0.05, **P < 0.01 vs. control or sh-Scamble; #P < 0.05, ##P < 0.01 vs. PAF.
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that PAF and its receptor PAFR were both remarkably upregulated
during MI and that this upregulation promoted cardiac fibrogenesis
in CFs. This profibrotic action of PAF/PAFR was mediated by
upregulation of YAP1 expression and functional activation of
YAP1. In contrast, knockdown of either PAFR or YAP1 alleviated
cardiac fibrosis and improved heart function in MI mice. On
the other hand, YAP1 was found to transactivate the expression
of PAFR by interacting with TEAD as its coactivator. Hence,
these new findings allowed us to reach the following conclusions.
First, the upregulated expression of YAP1 promoted cardiac
fibrosis as a result of PAFR activation via PAF. Second, PAFR and
YAP1 constituted a regenerative feedback loop to elevate their
expression to amplify the cardiac fibrosis properties of this axis.

Finally, our data revealed a novel signaling axis leading to cardiac
fibrosis: PAF → PAFR↑ $ YAP1↑* → CTGF↑* → fibrosis↑ (Fig. 8l).
As a phospholipid, PAF possesses powerful biological functions,

such as platelet secretion and aggregation [22]. It has been
reported that PAF initiates Hedgehog signaling and promotes
kidney fibrosis by activating PAFR, a G protein-coupled receptor
[23]. Moreover, Song et al. found that the PAF/PAFR axis was
involved in the process of hepatic fibrosis [24]. Although there is
evidence of PAF upregulation in heart failure [6, 7], its role and
mechanism in cardiac fibrosis are not completely known. In this
study, we observed an increase in PAFR in MI mice and in CFs
treated with PAF, Ang II or serum. Furthermore, our data showed
that PAF led to fibrosis in vitro and in vivo by binding to its

Fig. 7 Silencing of YAP1 by adenovirus inhibits cardiac fibrosis. a, b Relative mRNA level of YAP1, Col 1α1 and Col 3α1 after Adv-sh-YAP1
administration in mice. c Cardiac function manifested by EF (%) and FS (%) in mice injected with Adv-sh-YAP1. d, e Ultrasound imaging
showed improved EF (%) and FS (%) in MI mice with knockdown of YAP1. f HE and Masson’s staining indicated reduced collagen deposition in
YAP1 silenced mice subjected to MI. g, h qRT-PCR and Western blot demonstrated decreased expression of fibrosis-related genes and proteins
in mice with Adv-sh-YAP1. n= 6–13. *P < 0.05, **P < 0.01 vs. Control of Sham; #P < 0.05, ##P < 0.01 vs. MI.
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receptor PAFR. More importantly, interrupting the PAF/PAFR axis
using PAFR-specific shRNA significantly alleviated fibrosis and
improved cardiac function, indicating that targeting the PAF/PAFR
axis may be a novel therapeutic strategy for the treatment of
cardiac diseases associated with fibrosis.
Increasing evidence has shown that dysregulation of the Hippo

pathway contributes to various diseases [15, 25, 26]. However,
there is controversy and misunderstanding about the role of the
Hippo pathway in the progression of cardiovascular disease,
especially in cardiac fibrosis. Aharonov et al. revealed that the
overexpression of ERBB2 in cardiomyocytes activated YAP and
then led to heart regeneration by inducing an EMT-like regenera-
tion response which improved cytoskeleton rebuilding and
inhibited cell migration and ECM deposition [27]. In addition, it
has been reported that the deletion of Lats1/2, which is upstream
of YAP, in CFs results in the transition to myofibroblasts, which
ultimately gives rise to spontaneous and self-sustaining fibrosis
[28]. These findings confirmed the essential role of YAP1 in CFs

during the course of cardiac fibrosis. Then, the question aries: does
YAP1 exert the accordant function in all cell types of the heart? Del
et al. found that ectopic expression of Rassf1A in cardiomyocytes
promoted apoptosis and cardiac fibrosis by activating of Mst1 (an
upstream regulator of YAP1), and cardiomyocyte-specific deletion
of Rassf1A attenuated hypertrophy and fibrosis caused by TAC.
Surprisingly, overexpression of Rassf1A in CFs repressed CF
proliferation, whereas systemic ablation of Rassf1A aggravated
TAC-induced hypertrophy and fibrosis [29]. These results implied
that the effect of the Rassf1A/Mst1 pathway in cardiac hyper-
trophy and fibrosis is cell type dependent in the heart. Thus, as a
downstream effector, we assumed that the action of YAP1 in the
heart is also cell type dependent. Although several studies showed
the protective role of YAP1 in the heart when YAP1 was
overexpressed in cardiomyocytes [15, 26, 30], our results revealed
that enhanced expression of YAP1 in CFs caused proliferation and
transformation of fibroblasts, and then resulted in collagen
deposition and cardiac fibrosis. Moreover, inhibition of YAP1

Fig. 8 YAP1-cKO mice exhibit an alleviated cardiac fibrosis phenotype. a, b Increased mRNA and protein expression of YAP1 in the CFs of
MI mice. c Strategy for the construction of YAP1-cKO mice. d The agarose gel electrophoresis indicated the mutant-type bands of YAP1fl/fl at
270 bp and Col1a2CreERT at 186 bp. e, f qRT-PCR and western blot assays demonstrated reduced protein and gene expression of YAP1 in
cardiac fibroblasts separated from YAP1-cKO mice. g, h Improved EF (%) and FS (%) in YAP1-cKO mice subjected to MI detected by ultrasound
imaging. iMasson’s staining and IHC showed decreased collagen deposition and α-SMA expression in hearts of MI mice with YAP1 knockout. j,
k qRT-PCR and Western blotting demonstrated reduced expression of fibrosis-associated proteins and genes in YAP1-cKO mice subjected to
MI. l Proposed model for the role of the PAF/YAP1 positive feedback loop in cardiac fibrosis. n= 3–6. *P < 0.05.
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attenuated cardiac fibrosis and improved cardiac function in the
hearts of mice after MI. Our results indicated that YAP1 might be a
key factor in cardiac regeneration and fibrogenesis. At the
beginning of ischemic injury, activation of YAP1 stimulates
cardiomyocyte regeneration in cardiomyocytes and promotes
wound repair and scar formation in CFs. However, continuous
activation of YAP1 results in interstitial fibrosis because of
excessive activation of fibroblasts and delayed termination of
the scar repair. Overall, our study suggests that suppressing YAP1
in CFs could be a novel strategy for the treatment of myocardial
infarction or heart failure, yet the precise effect of YAP1 in cardiac
fibrosis should be done in future studies by constructing mice
with fibroblast-specific gain- and loss-of-function of YAP1.
Although the Hippo pathway is involved in the progression of

development, organ size regulation and diseases, upstream
regulators that control the Hippo pathway remain elusive.
Recently, Yu et al. found that GPCRs regulate the activation of
the Hippo pathway. They proposed that Gs-coupled receptors
stimulate Lats1/2 kinase, and then increase YAP/TAZ phosphoryla-
tion. However, G12/13-, Gq/11-, and Gi/o-coupled receptors
inhibited Lats1/2 kinase and promoted the dephosphorylation
and nuclear localization of YAP1 [16]. In this study, we unraveled,
for the first time, the regulation of PAFR, which belongs to the
GPCR family, on the Hippo pathway. We found that PAF
stimulated the nuclear shuttling of unphosphorylated YAP1 by
binding to PAFR, whereas YAP1 increased the expression of PAFR
by binding to TEAD1 simultaneously. Our study elucidated the
involvement of the positive feedback loop of PAFR/YAP1 in
cardiac remodeling after MI. In response to stimuli, this loop was
activated and promoted fibrogenesis in cultured CFs, which finally
contributed to cardiac fibrosis and heart failure.
In summary, our study highlights that PAFR mediates PAF-

induced cardiac fibrosis by promoting the nuclear translocation of
YAP1. We revealed the involvement of the PAFR/YAP1 positive
feedback loop in cardiac fibrosis. In a series of in vitro and in vivo
studies, we revealed the role of the PAF/PAFR-YAP1 axis in cardiac
fibrosis and illuminated the regulatory relationship between them.
These findings indicate that interfering with this axis may be
considered as a novel strategy for the prevention and treatment of
cardiac fibrosis and the associated pathological processes.
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