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Myofibroblast Ccn3 is regulated by
Yap and Wwtrl and contributes to
adverse cardiac outcomes

Michael A. Flinn'*, Santiago Alvarez-Argote™’, Makenna C. Knas'?,
Victor Alencar Almeida'?, Samantha J. Paddock'?, Xiaoxu Zhou’,
Tyler Buddell**, Ayana Jamal**, Reiauna Taylor’, Pengyuan Liu®’,
Jenny Drnevich’, Michaela Patterson®, Brian A. Link** and
Caitlin C. O'Meara"***

'Department of Physiology, Medical College of Wisconsin, Milwaukee, WI, United States, *Cardiovascular
Center, Medical College of Wisconsin, Milwaukee, WI, United States, *Institute of Translational Medicine,
Zhejiang University School of Medicine, Hangzhou, China, “Department of Cell Biology, Neurobiology,
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Computing in Biology (HPCBio) and the Roy J. Carver Biotechnology Center, University of Illinois,
Urbana-Champaign, Champaign, IL, United States, “Genomics Sciences and Precision Medicine Center,
Medical College of Wisconsin, Milwaukee, WI, United States

Introduction: While Yap and Wwtrl regulate resident cardiac fibroblast to
myofibroblast differentiation following cardiac injury, their role specifically in
activated myofibroblasts remains unexplored.

Methods: We assessed the pathophysiological and cellular consequence of
genetic depletion of Yap alone (Yap™":Postn™™) or Yap and Wwtrl (Yap™™:
Wwtr1™*;postn™“M) in adult mouse myofibroblasts following myocardial
infarction and identify and validate novel downstream factors specifically in
cardiac myofibroblasts that mediate pathological remodeling.

Results: Following myocardial infarction, depletion of Yap in myofibroblasts had
minimal effect on heart function while depletion of Yap/Wwtrl resulted in
smaller scars, reduced interstitial fibrosis, and improved ejection fraction and
fractional shortening. Single cell RNA sequencing of interstitial cardiac cells 7
days post infarction showed suppression of pro-fibrotic genes in fibroblasts
derived from Yap™" Wwtr1™*;Postn™“™ hearts. In vivo myofibroblast depletion
of Yap/Wwtrl as well in vitro knockdown of Yap/Wwtrl dramatically decreased
RNA and protein expression of the matricellular factor Ccn3. Administration of
recombinant CCN3 to adult mice following myocardial infarction remarkably
aggravated cardiac function and scarring. CCN3 administration drove myocardial
gene expression of pro-fibrotic genes in infarcted left ventricles implicating
CCN3 as a novel driver of cardiac fibrotic processes following myocardial
infarction.

Discussion: Yap/Wwtrl depletion in myofibroblasts attenuates fibrosis and
significantly improves cardiac outcomes after myocardial infarction and we
identify Ccn3 as a factor downstream of Yap/Wwtrl that contributes to adverse
cardiac remodeling post MI. Myofibroblast expression of Yap, Wwtrl, and Ccn3
could be further explored as potential therapeutic targets for modulating
adverse cardiac remodeling post injury.
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Introduction

Following cardiac injury such as myocardial infarction (MI),
adverse ventricular
Resident

fibroblasts, which directly produce the pro-fibrotic response, are a

progressive fibrosis can contribute to

remodeling and ultimately heart failure. cardiac
heterogeneous population of stromal cells. When activated
following injury, a subset of resident fibroblasts adopt a
myofibroblast phenotype (1, 2) characterized by expression of
Periostin (Postn) and alpha smooth muscle actin [aSMA (1)],
increased production of extracellular matrix (ECM) proteins
[primarily collagens (3, 4)], and secretion of metalloproteases (1),
cytokines (5, 6). While

myofibroblast function is critical for wound contraction, initial

inflammatory = chemokines, and
scar formation, and to prevent catastrophic heart rupture (1, 7),
extended myofibroblast proliferation and activation can lead to
persistent matrix protein secretion causing exacerbated scar
formation, myocyte uncoupling, decreased cardiac compliance, and
progressive heart failure (5). There is currently an un-met need to
identify molecular mediators of myofibroblast activity so that we
can therapeutically target these pathways and regulate the fibrotic
response following cardiac injury.

The Hippo-Yap/Wwtrl pathway (herein referred to as “Hippo-
Yap”) is a highly conserved signaling pathway consisting of core
protein kinases; Stk3, Stk4, Latsl, and Lats2, and scaffolding
Savl, Mobla, and Moblb, whose kinase activity
suppresses function of the transcriptional co-activators Yap and
Wwtrl (8). Phosphorylation of Yap and Wwtrl by the Hippo
pathway kinases prevents nuclear localization and promotes
phospho-degradation of Yap and Wwtrl, thereby inhibiting nuclear
transcriptional activity. It has been demonstrated in mice Lats1/2

proteins;

deletion specifically in resident cardiac fibroblasts promotes Yap
and Wwtrl activity, driving proliferation and cell fate transition to
a myofibroblast state in a cell autonomous manner and resulting in
deleterious fibrosis in mice (9, 10). Inhibiting the Hippo-Yap
pathway by verteporfin following myocardial infarction reduces
fibrosis and injury size (11). Furthermore, depletion of Yap/Wwtrl
in Tcf21 or Collagen (Colla2 or Colllal) positive cells attenuated
pathological remodeling and improved cardiac function (9, 10, 12,
13). However, Tcf21, Colla2 and Colllal target all fibroblast
populations and the role of endogenous Yap and Wwtrl in
differentiated cardiac myofibroblasts specifically has not been
investigated. Here, we take the novel approach of investigating the
role of endogenous Yap/Wwtrl expression in activated cardiac
(Postn+) following MI We
cooperative role for myofibroblast Yap and Wwtrl in scar size,

myofibroblasts demonstrate a
interstitial fibrosis, and cardiac function post MI.

The downstream pathways modulated by Hippo-Yap activity in
myofibroblasts are poorly understood. We found that depletion of
Yap/Wwtrl in myofibroblasts both in vivo and in vitro strongly
suppresses expression of the secreted matricellular protein Ccn3
(also known as nephroblastoma overexpressed— Nov), suggesting
Ccn3 expression might contribute to adverse outcomes post MI.
Indeed, global administration of recombinant CCN3 to mice post
MI significantly exacerbates adverse cardiac function and scarring.

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1142612

CCNS3 signaling to myocardial tissue post MI promoted expression
of pro-fibrotic genes. Collectively, we identify a novel factor
expressed downstream of Yap/Wwtrl in cardiac fibroblasts that
independently promotes adverse cardiac wound healing dynamics.

Methods
Animals

The following mouse lines from The Jackson Laboratory were
utilized: stock 027929 Yap', 029645 Postn™“™, 030532 Yap™
Wwtrl", and 004077 Rosa26-eGFP". Sprague Dawley neonatal
rats (Charles River Laboratories) were used for cardiac fibroblast
cell isolation. Adult mice were euthanized by administration of
isoflurane and subsequent thoracotomy, neonatal mice and rats
were euthanized by decapitation.

Isoflurane administration

During echocardiography, surgical MI, or euthanasia, adult
mice were anesthetized via inhalation of 1%-3% isoflurane
vaporized with compressed O2 at a flow rate of 1 L/min.

Myocardial infarction

Six- to ten-week-old mice were used for adult MI studies. The left
anterior descending (LAD) coronary artery was ligated using the
“Rapid Method” originally described by Gao et al. (14). Briefly, a
1-2 cm incision was made in the skin on the left lateral side of the
thorax. The heart was retracted from the thoracic cavity via the 5th
intercostal space and a surgical needle with 6-0 prolene suture was
inserted under the LAD artery. The vessel was then tied off to
create a permanent infarction. The heart was returned to the thorax
and the chest wall compressed along the sternal midline to force
out excess air. The outer incision of the skin was closed using
monofilament nonabsorbable nylon suture. The mouse was
removed from anesthesia and returned to a cage to recover under a
warming lamp. Immediately following surgery animals were
administered
following day received oral administration of 5 mg/kg Meloxicam.

1.5 mg/kg slow-release Buprenorphine and the

P6 neonatal MI surgeries were performed as described in
Mahmoud et al. (15). Briefly, methods were similar to that of
adult MI except P6 mice were anesthetized on ice. Following
surgery, mice recovered under a heat lamp. When animals were
sternal and active, they were returned to their mother.

Tamoxifen treatment

Mice of all genotypes were treated with tamoxifen to induce
Cre expression and excision of floxed genes following MI. Cre
negative controls received identical tamoxifen dosing. For
neonatal mice, tamoxifen (Sigma) was dissolved into a mixture of
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25% ethanol and 75% sunflower oil at a concentration of 1.5 mg/ml
and injected subcutaneously at a dosage of 30 mg/kg. Postnatal day
6 (P6) neonatal mice were administered with tamoxifen 1, 3, and 5
days post injury (dpi). For adult mice, a diet of 0.4 g/kg tamoxifen
citrate chow (Envigo) was provided ad libitum starting immediately
after MI and continued for the duration of the study.

CCN3 mouse administration

Following MI in 8 week-old C57/B6] mice, recombinant CCN3
(R&D Systems 1640-NV- 050) was resuspended in PBS at a
concentration of 0.01 pg/ul, and 6 ug/kg was administered by
intraperitoneal injection following surgical MI (Tuesday) and
subsequently three times weekly (Monday, Wednesday, Friday) as
described in Riser et al. (16) over the course of 28 days. At this
concentration, intraperitoneal injection of CCN3 was shown to
localize to the heart, liver, and kidneys and to elicit renal
phenotypes but not overt adverse effects in mice (16). PBS was
administered by intraperitoneal injection to vehicle control animals.

Echocardiography

Echocardiograms were obtained from adult mice using a Vevo
770 with an RMV 707 transducer or Vevo 3,100 with an MX550D
transducer. Scans were taken of the parasternal long axis and short
axis at the papillary muscle level in triplicate and measured in a
genotype or treatment blinded manner. We calculated ejection
fraction (%EF) based on measurements from tracing the
circumference of the LV chamber in long axis mode during
systole and diastole. Measurements based on internal diameters
in short axis mode at the mid-papillary level were used to
calculate fractional shortening (%FS), left ventricular internal
diameter during diastole (LVID-d), and systole (LVID-s).

Histological analysis
Hearts were fixed in 10% formalin for 48 h at room
temperature prior to processing and paraffin embedding.
Sectioning was performed starting at the apex and progressing
towards the base of the heart in 250 uM steps. 4 uM sections
were collected at each level. Gomori trichrome staining was
performed to assess scar size. Slides were scanned using a Super
Coolscan 9,000 (Nikon) or for higher resolution slides were
scanned using a NanoZoomer 2.0-HT (Hamamatsu Photonics
KK.). For scar size quantification, four sections starting at
1,000 um from the apex and proceeding every 500 um toward
the papillary muscles were averaged to quantify fibrotic area and
midline percentage using MIquant (17). Interstitial fibrosis was
quantified from five representative images in the remote region
of the left ventricle and quantified using Fiji Image] colorimetric
analysis. Immunohistology was evaluated using a Nikon Al
confocal microscope or Eclipse 80i fluorescent microscope
(Nikon) and Panda sCMOS camera (PCO). Immunostaining was
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performed with antibodies described in Supplementary
Table S1. Click-iT (Thermo Fisher) 5-ethynyl-2’-deoxyuridine
(EdU) staining was performed according to the manufacturer’s
recommendations. Two to five regions within the scar were
averaged per heart to assess EAU incorporation in non-myocyte
scar associated cells. Wheat germ agglutinin (WGA) staining was
used to identify the cell surface of cardiomyocytes to assess cross
sectional area from five representative images within the remote
region of the left ventricle. For denatured collagen assessment,
serial sections of the left ventricle containing robust scar regions
(~2,000 um from the apex) treated with
hybridizing peptide with Cy3 conjugate (3Helix) according to the

were collagen
manufacturer’s recommendations. Representative images of the
injury were quantified for presence of Cy3 vs. scar area. Yap and
Wwtrl staining was assessed by confocal microscopy and
intensities were quantified by mean grey value via Image] in
either the cytoplasm or nuclei, delineated by DAPI, in GFP+
cells. Confocal microscopy was used to verify measured nuclei
were inside of GFP+ cells.

siRNA knockdown in cultured rat cardiac
fibroblasts

Primary cardiac fibroblasts were isolated from 2-day-old rats
(Miltenyi Biotec)
according to the manufacturer’s protocol, followed by percoll

using a neonatal heart dissociation kit

gradient separation. 24 h after plating, cultured cells were
transfected for 48 h with 25 nM siRNAs designed against Yap
and/or Wwtrl, or with universal negative control siRNAs
(Supplementary Table S2) as detailed in Flinn, et al. (18).
Untreated cells were cultured in Dulbecco’s modified eagle
medium (DMEM, Life Technologies) supplemented with 7.5%
fetal bovine serum without siRNA.

3H thymidine incorporation in cultured rat
cardiac fibroblasts

Forty-eight hours post siRNA transfection cells were treated
with DMEM containing *H thymidine for DNA synthesis
quantification. Cells were exposed to *H thymidine treated media
for 16 h, fibroblasts were then washed with PBS and lysed with
01M NaOH+0.1% Sodium Dodecyl Sulfate (SDS). *H
thymidine incorporation was quantified on the LS 6,500
MultiPurpose Scintillation Counter (Beckman Coulter).

CCN3 administration to cultured rat cells

Twenty-four hours after plating P2 neonatal rat cardiac
fibroblasts or cardiomyocytes, cells were serum starved for 1 h and
then administered CCN3 at either 0.1 ug/ml or 1.0 ug/ml or PBS
as a control. Cells were incubated for 5h after which they were
collected and stored in TRIzol (Thermo Fisher) for RNA extraction.
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Single cell RNA sequencing (scRNAseq)

To identify differentially expressed genes (DEGs) in cardiac
myofibroblasts between Postn™M and Yapﬂ/ﬂ;thrI ﬂ/Jr;PostnMCIVI in
vivo we performed scRNAseq on interstitial cells from hearts
following MI. Both strains carried R26-eGFP transgene. MI was
performed on 8-10 week old mice as described above and animals
were put on tamoxifen citrate chow immediately following surgery. At
7 dpi hearts were extracted and retrograde perfused with 50 ml of
1 mg/ml Collagen type II to digest hearts. Following digestion, atria
and valves were removed and ventricular tissue was resuspended in
PBS and filtered through a 40pum cell strainer to remove
cardiomyocytes and undigested tissue. Single cells were resuspended
in Iml of ACK (ammonium-chloride-potassium) lysis buffer
(Thermofisher Cat# A1049201) for 2 min at room temperature and
washed with 2 ml of FACS buffer— 1% fetal bovine serum, 0.1%
NaN3 Dulbecco’s Phosphate Buffered Saline (DBPS) without Calcium
and Magnesium (Lonza). Cells were resuspended in 4 ml of FACS
buffer for cell counting, which was performed using the LUNA™
automated cell counter (Logos Biosystems) using 0.4% trypan blue
(Thermofisher Cat# T10282) and the LUNA™ cell counter bright
field feature. Subsequently, samples were resuspended to a
concentration of one million cells per 100 ul of FACS buffer. Samples
were stained with 3 uM of [4’,6-Diamidino-2-Phenylindole, Dilactate
(DAPI, Biolegend Cat# 422801)], in a volume of 1 ml of DAPI-FACS
buffer per sample for 15 min. Then samples were washed with 1 ml of
FACS buffer and resuspended again in 1 ml of FACS buffer for cell
sorting. Samples were sorted using BD FACS Aria II Cell Sorter (BD
Bioscences) and collected in 3-5 ml of FACS bulffer.

Single cell capture, cDNA synthesis, barcoding, and library
preparation was performed using the 10x Chromium system using
V3.1 chemistry according to the manufacturer’s recommendation
(10x Genomics). Each sample was loaded onto a single lane of a
Chromium Next GEM chip G to target 3,000 cells per sample.
Cells were captured in single GEMs and lysed followed by cDNA
synthesis using 12 amplification cycles, followed by library
construction per manufacturer’s protocol. An i7 multiplex single
index kit was used to generate the libraries over 14 cycles of
sample index PCR. Fragment size of ¢cDNA and libraries was
assessed using Agilent’s 5,200 Fragment Analyzer System.

scRNAseq data analysis

Libraries were sequenced at the Roy J. Carver Biotechnology
Center at the University of Illinois, Urbana Champaign on a
NovaSeq 6,000 using one S4 lane with 2X150nt reads. Samples
were demultiplexed using Cell Ranger v6.1.1 (10X Genomics). A
custom reference was made using NCBI's GRCm39 genome and
Annotation Release 109, along with Cloning vector pEGFP-1
(GenBank: U55761.1) and SA-betageo synthetic construct [full
details of modifications in Supplemental R file, (19)]. The
“cellranger count” pipeline with default parameters was run
separately on each sample to call cells and collapse reads to unique
molecular identifiers (UMIs). Both samples were combined using
“cellranger aggr” with “~normalize = none”.
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The UMI counts per gene for all called cells were read into R
[v4.1.2, (20)] and analyzed using Seurat [v4.0.6, (21)].
were filtered out if they did not have at least 1 UMI in at least
20 cells, leaving 16,855 genes. Initial quality control involved

Genes

performing sctranform normalization (22), principal components
analysis, shared nearest neighbor cluster calling, and Uniform
[UMAP, (23)]
dimension reduction (hereafter referred to as the “Seurat

Manifold Approximation and Projection
pipeline”). One cluster of cells had extremely high percentage of
UMIs in mitochondrial genes (likely dead/dying cells) and two
other clusters had extremely low numbers of genes detected and
total number of UMIs (likely stripped nuclei). These 3 clusters
were removed completely along with a few other cells that had
total numbers of UMIs>54,742 or percentage of UMIs in
mitochondrial genes >4.58 (thresholds set at 6 median absolute
deviations). The remaining cells were re-run through the Seurat
pipeline to create the final clustering and dimension reduction.
Marker genes per cluster were found by recursively comparing
each cluster’s cells against all other clusters combined using a
Wilcoxon Rank Sum test. Within each cluster, gene expression
differences between Yap™"Wwir1?*;PostnM™ and Postn™M cells
were tested also using a Wilcoxon Rank Sum test. The cells that
expressed Postn were overwhelmingly in one cluster, so this one
cluster was run by itself through the Seurat pipeline to find sub-
clusters of cells. Sub-cluster marker genes and within-subcluster
Yapﬂ/ﬂthrlﬂ/*;PostnMCM and PostnM™ DEGs were calculated as
before. Full R codes for all Seurat analyses are in the Supple Methods.

Western blot

Cultured rat cardiac fibroblasts or mouse left ventricles were
collected in RIPA buffer. Rat cardiac fibroblasts were collected 48 h
post siRNA transfection. Protein lysates were combined with
Laemmli buffer and separated on a 4%-15% Mini-PROTEAN TGC
precast gel (Bio-Rad) by electrophoresis. Proteins were then
transferred to a 0.45 um pore size nitrocellulose membrane (Bio-
Rad). Western blots were processed according to Li-Cor’s Near-
Infrared Western Blot Detection protocol and blocked using TBS
based Intercept buffer (Li-Cor Biosciences). Protein detection was
(Li-Cor
Biosciences). Uncropped blots are provided in the supplemental data.

performed using an Odyssey-CLx infrared imager

RNA extraction and qRT-PCR

Twenty-four hours post siRNA transfection media was
changed to DMEM with 7.5% FBS, and forty-eight hours later
cells were collected for gene expression analysis by either qRT-
PCR or RNAseq. CCN3 administered cells were collected 5h
after treatment. Cells were washed in PBS and collected in
TRIzol for RNA extraction according to the manufacturer’s
recommendations. For qRT-PCR analysis RNA was reverse
transcribed using a high-capacity cDNA reverse transcription kit
(Applied Biosystems). qRT-PCR was performed with SybrGreen
(Invitrogen) and primers listed in Supplementary Table S3 and
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amplification was detected on the QuantStudio 6 Flex (Thermo
Fisher). Gene expression was normalized to I8s ribosomal RNA
expression and analyzed in QuantStudio (Thermo Fisher).

Bulk RNAsequencing

Two methods were used to attain bulk RNAseq data. First,
primary cardiac fibroblasts were isolated from 2-day-old rats,
treated with siRNA or a universal negative control, and RNA was
extracted from cells using TRIzol extraction protocol according
to the manufacturer’s recommendations. This process was
repeated with separate litters to achieve 3 biological replicates per
group. RNA quality was determined wusing an Agilent
BioAnalyzer. RNA libraries were prepared by BGI Americas.
Sequencing was performed using a DNBSEQ-G400 platform at
20 M reads per sample. Adapter sequences were removed from
the output sequence and reads with low base quality (<13) were
further v0.6.5 (Babraham

Bioinformatics). Trimmed reads were then aligned to the rat

trimmed using Trim_Galore
genome (rn6) using Hisat2 v 2 2.1. Transcripts were assembled
from RNA-seq alignments using Stringtie2 v2.1.5. Expression was
quantified by fragments per kilobase of transcript per million
reads mapped (FPKM). DEGs for each experimental group, as
compared to the negative control, were detected using DESeq2.

Second, left ventricles were obtained from 4 dpi adult mice
treated with either 6 ug/kg CCN3 or PBS daily starting at 1 dpi.
RNA gqas extracted from homogenized tissue by TRIzol
extraction. RNA libraries were prepared by the Roy J. Carver
Biotechnology Center at the University of Illinois with the Kapa
Hyper mRNA library kit (Roche) and sequenced with a NovaSeq
6,000 with V1.5 sequencing kits. Fastq files were generated and
demultiplexed with the bcl2fastq v2.20 Conversion Software
(Ilumina). Salmon version 1.4.0 was used to quasi-map reads to
the GRCm39 transcriptome (NCBI) and quantify the abundance
of each transcript. Data was normalized by removing unwanted
variation by a factor of 2 (24). Differential gene expression
analysis was performed using the edgeR-quasi method using a
model of treatment+2 RUV factors plus False Discovery Rate
(FDR) correction on the P-values.

For both methods, analysis using the Ingenuity Pathway
Analysis (IPA, Qiagen) and Database for Annotation, Visualization
and Integrated Discovery [DAVID, (25)] was performed.

Statistics

Data were analyzed using Prism 8.2.0 (GraphPad). Two-way
ANOVA followed by Tukey’s multiple comparisons tests were
performed on samples with two experimental factors. For data
series consisting of two experimental factors assessed at multiple
Two-way ANOVA was
performed followed by Sidak multiple

timepoints, a repeated measures
comparisons test.
Statistical comparisons between two groups were analyzed by
Student’s t-test, or between three or more groups by one-way

ANOVA followed by Tukey’s or Dunnett’s multiple comparisons
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test. Welch’s correction was utilized when the variance differed
significantly in groups. Assessment of survival curves was
performed using a Logrank Mantel-Cox test. Error bars in
graphical data represent standard error.

Study approval

All protocols in these studies were approved by the local
Animal Care and Use Committee and conform to the Guide for
the Care and Use of Laboratory Animals published by the
National Institutes of Health.

Results

Yap and Wwtrl are expressed in
myofibroblasts after MI

After an ischemic injury, resident cardiac fibroblasts differentiate
into myofibroblasts which aggregate at the site of injury as soon as
1 dpi with a robust presence around 4-7 dpi (1). By comparison,
uninjured hearts show little signs of myofibroblast differentiation
(<1% of interstitial cells). To assess whether the Hippo-Yap
pathway was active in myofibroblasts, we leveraged a myofibroblast
specific and tamoxifen inducible Postn Cre [Postn™“M(1)] crossed
to a transgenic reporter line containing a floxed stop codon prior
an enhanced green fluorescent protein (eGFP) in the Rosa26 locus
(R26-eGFP"*) to express eGFP in myofibroblasts following
tamoxifen induction (Figure S1A). This reporter model facilitates
reliable identification of myofibroblasts by eGFP expression in
tissue sections. R26-eGFP" +;PostnMCM mice were crossed to Yap
and Wwtrl floxed mice to generate Yapﬂ/ﬂ;thrlﬂ/ Wt;R26-eGFPﬂ s

MCM
Postn™©

reporter mice that are depleted for Yap and Wwtrl
expression in Postn cells following tamoxifen
administration (Figure S1B). We performed MI followed by

tamoxifen treatment in both postnatal day 6 (P6) and in 8-10

expressing

week old adult mice to investigate expression patterns of Yap and
Wwtrl 1A and
Supplementary Figure S1C). At 7dpi we identified a robust

at two developmental timepoints (Figure
population of GFP + cells at the site of injury, but not in remote
cardiac tissue, in R26-eGFP" *Postn™M  mice (Figure 1B and
Supplementary Figures S1 D,E). At both timepoints we observed
nuclear Yap and Wwtrl expression in GFP+ myofibroblasts in
R26-eGEP"*+;Postn™M while Yapﬂ/ﬂ;thrl 7+, R26°CF,

Postn™M showed marked decrease

mice
mice in nuclear Yap

(Figures 1B,C) and Wwtrl (Figures 1D,E) expression.

Depletion of Yap in myofibroblasts results in
modest protection against ventricular
dilation post Ml

To test if Yap deletion in myofibroblasts influences cardiac

function we performed MI on Yap™'Postn™™ and Yap™'
animals followed by tamoxifen administration provided ad
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FIGURE 1

Yap and Wwtrl expression is detected in myofibroblasts after ischemic injury. (A) Experimental timeline of adult Mls and subsequent tamoxifen
administration. (B—E) Representative confocal data of the scar region in R26-eGFP”*:Postn™“™ and Yap™™ Wwtr1™*,R26-eGFP"*;Postn™M mice at
7 dpi. Scale = 100 pm. (B) Immunostaining with o.-GFP and o-Yap antibodies and DAPI. Yellow arrows denote Yap co-localization in GFP positive cells,
red arrows denote absence of Yap colocalization in GFP positive cells, white arrows denote nuclear localized Yap in GFP negative cells. (D)
Immunostaining with a-GFP and o-Wwtrl antibodies and DAPI. Yellow arrows denote Wwtrl co-localization in GFP positive cells, red arrows denote
absence of Wwtrl colocalization in GFP positive cells, white arrows denote nuclear localized Wwtrl in GFP negative cells. (C,E) Quantification of Yap
and Wwtrl signal from histological staining in adult mice following MI. n =13 randomly selected GFP + cells. Unpaired student'’s t-test with Welch's
correction. **P <0.01. ****P < (0.0001.

libitum in chow. We found no difference between genotypes in  (Supplementary Figure S2A). At 28dpi Yap™";Postn™™
cardiac function at baseline (3 days before MI) or at 3dpi animals had significantly smaller left ventricular internal
indicating similar degree of injury in both groups  diameters during diastole (LVID-d) compared to Yap"
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f(Supplementary Figures S2A,B). LVID-s by comparison was not
significantly different (P=0.27). While the Yap™";Postn™M
genotype conferred modest protection against left ventricular
dilation, %EF and %FS were not significantly different between
Yap™";Postn™™  and  Yap™"
S2A) nor were heart
(Supplementary Figures S2C,D). At the histological level we

animals  (Supplementary

Figure weights or body weights
found no significant difference in CM cross sectional area
between experimental and control animals, suggesting reduced
ventricular dilation does not correlate with attenuated CM

hypertrophy in our model (Supplementary Figures S2E,F).

Together, these data illustrate that Yap depletion from
myofibroblasts imparts a slight protection against adverse
ventricular dilation after MI, but functional contractility

parameters such as %EF and %FS remain comparable to control
animals.

Considering  Yap™";Postn™“™ animals showed a slight
improvement in ventricular dilation following injury, we sought
to investigate if cell proliferation or scarring differences could be
observed. To assess cell cycle activity, following MI we
administered a single dose of EdU at 6 dpi, a time when Postn
expression and myofibroblast proliferation is high in the heart (1,
2). We found a 70% decrease in EdU+ nuclei in the scar region
of Yapﬂ/ ﬂ;Posl‘nMCM

Figures S2G,H). Based on the known role of Yap in promoting

mice compared controls (Supplementary

cell proliferation, we postulated that the significant reduction of
scar associated cell EAU incorporation is the result of decreased
myofibroblast proliferation. However, despite the reduction in
purported myofibroblast proliferation, we did not observe any
change in scar size after injury as assessed by both midline scar
percentage and the percentage of collagen content within the left
trichrome  stained serial sections

ventricle of Gomori

(Supplementary Figures S2L,)).

Depletion of both Yap and Wwtrl in
myofibroblasts improves cardiac function
followingMI

Yap and Wwtrl share overlapping roles in various cell types. In
some cases, depletion of Yap can be compensated by increased
Wwtrl activity and vice versa (26). In vitro knockdown of either
Yap or Wwtrl in neonatal rat cardiac fibroblasts demonstrated a
significant decrease in DNA synthesis compared to negative
siRNA or non-treated cells while an additive effect was observed
with knockdown of both genes suggesting redundant role for
Yap and Wwtrl in fibroblasts (Supplementary Figure S3). We
hypothesized that depletion of both Yap and Wwtrl in
post MI
compared to Yap depletion alone. To test this hypothesis, we

myofibroblasts would improve cardiac outcomes
used a genetic mouse model were both copies of Yap and a
single copy of Wwtrl are floxed, as both Postn™“™ and Wwtrl
are located chromosome 3 in mice at approximately 3 million
base pairs apart. This genetic linkage made generating a
homozygous floxed Wwtrl line with the Cre driver locus
impractical, either alone or in combination with Yap.
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We subjected Yapﬂ/ﬂ;thrl U+, postn™M or Yapﬂ/ﬂ;thrl fl/+
littermate controls to MI and subsequently fed a continuous diet
of tamoxifen citrate chow (Figure 2A). Similar to the loss of Yap
alone, depletion of Yap and Wwtrl did not affect heart weight or
body weight at 60 dpi (Figures 2B,C). While we found no
difference in cardiac function between genotypes at baseline or
3dpi, Yap™ s Wwtr1V*;Postn™™ mice showed significantly
improved cardiac function at 60 dpi compared to control
(Figures 2D,E). While %FS and %EF declined to ~10% and
~17% respectively in Yapﬂ/ﬂ;thrI U+ animals, %EF and %FS in
Yapﬂ/ﬂ;thrI v *Postn™™ were maintained at ~18% and ~35%
respectively. Both LVID-s and LVID-d also trended downward in
Yapﬂm;thrlﬂ/ *Postt™™  mice at 60 dpi, but were not
statistically different from control mice (P=0.17 and 0.22
respectively, Supplementary Figure S4). In contrast, when
allowed to progress to the 60 dpi timepoint, Yap™;Postn™M still
showed no difference in %EF or %FS or fibrosis compared to
Yap™" littermates and heart weight and body weight were not
affected (Supplementary Figures S5-S7). We tested if the
preservation in cardiac function in Yapﬂm;thrlﬂ/ *;Postn™“M as
compared to Yap;Wwtrt* controls was the result of Cre
expression in within myofibroblasts alone by repeating the MI

study on Postn™M

transgenic mice and wildtype littermate
controls. We found no difference in %FS or %EF between these
genotypes indicating that preserved cardiac function is due to
depletion of Yap and Wwtrl, and not due to Cre expression in
myofibroblasts (Figure 2E). Together, these data illustrate that
depletion of both Yap and Wwtrl attenuate adverse cardiac
remodeling and improve cardiac function after ischemic injury.
Despite the improved cardiac function of Yap™,wwtrt"*;

MCM

Postn mice after surgical MI, no difference in cardiomyocyte

cross sectional area was observed between genotypes
(Figures 3A,B). We next tested whether depletion of both Yap
and Wwtrl from myofibroblasts resulted in modulation of cell
proliferation, scar formation, or fibrosis in our model. To
quantify proliferation of cells within the scar region, adult mice
subjected to MI were administered a single dose of EAU at 3 dpi.
Consistent with results observed in Yapﬂm;PostnMCMmice, Yapﬂ/ ﬂ;
Wwtrl ﬂ/J';Postn]VICMmice exhibited a 60% decrease in EdU+ scar
associated cells compared to controls, whereas the percentage of
EdU+ interstitial cells remained unchanged (Figures 3C,D and
Figure  S8). unlike Yapﬂ/ﬂ;
Postn™~"'mice which showed no difference in scar size at 28 or

60 dpi (Supplementary Figures S2L]J, S5, S6), Yapﬂ/ﬂ;thrlﬂ/ i
MCM

Supplementary
MCM

However,

Postn™™"'mice displayed significantly reduced scar size as
assessed by scar midline length (38% reduction) and fibrotic
percentage of the left ventricle (38% reduction) (Figures 3E,F)
and a 43% reduction in interstitial fibrosis compared to control
(Figure 3G,H). We further characterized scar composition by
quantifying denatured collagen, which is more easily turned over
and can reduce deleterious fibrosis in the heart, using collagen
hybridizing peptide Cy3 conjugate (CHP) (27). CHP binds to the
unfolded triple-helix of collagen fibers, thus marking denatured
collagen. CHP has been shown to correlate with other assays
assessing degradation of collagen post MI such as matrix
metalloproteinase activity in vivo and zymography (28, 29).
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FIGURE 2
Depletion of Yap and a single copy of Wwtrl from myofibroblasts improves left ventricular function in response to ischemic injury. (A) Experimental
timeline of echocardiography, Mls, tamoxifen chow administration, and EdU administration in adult Yap™™ Wwtr1"*and Yap™"-Wwtr1"*postn™<"
mice. Quantification of (B) heart and (C) body weights at 60 dpi. n =7 Yap™ :Wwtr1™* and 4 Yap™*:Wwtr1"*;Postn™M. Unpaired student’s t-test. (D)
Representative M-mode echocardiograms of left ventricles 60 dpi. Short axis view at mid papillary muscle. Horizontal bar = 500 ms. Vertical bar =
5 mm. (E,F) Quantification of %FS and %EF analyzed by repeated measures two-way ANOVA and Sidak multiple comparisons test. n =7 Yap™™:wwtr1"
* 4 Yap""-Wwirl™* ;Postn™M, 5 R26-eGFP”*, 4 R26-eGFP”*;Postn™“M. A separate subset of animals establishing a baseline for Yap™™-Wwtr1™*
animals as denoted by the hashed lines and assessed by un-paired student'’s t-test. n=4 Yapﬂm;W\/\/trlﬂ” and 5 Yapﬂ/ﬂ;W\/\/trlﬂ/‘;PosmMCM. ns = not
significant, *P < 0.05

1. postn™“Mmice showed no difference in

CHP binding compared to controls (Figures 3L]J), Yapﬂ/ﬂ;

While scars from Yap

Wwtr1"V*;Postn™™ mice displayed ~2.5 fold increase in the
amount of denatured collagen in the scar region as compared to
Yapﬂ/ﬂ;thrIﬂ/ ™ littermates (Figures 3K,L). Thus, depletion of
both Yap and Wwtrl significantly modulated scar size and also
collagen composition following MI.

Prior studies have demonstrated that genetic ablation of Postn
expressing cells (i.e., myofibroblasts) results in a stark decreased
survival post MI due to lack of scar deposition and subsequent
rupture (1). Importantly, neither depletion of Yap and Wwtrl
nor expression of Cre itself significantly affect survival of
infarcted mice (Figure 3M). Collectively, combined depletion of
Yap and Wwtrl in myofibroblasts attenuates fibrosis and
improves functional outcomes following ML

Single cell analysis defines Yap and Wwitrl
downstream targets in cardiac
myofibroblasts post Ml

We next performed transcriptomic profiling on interstitial cells
MEM and Yap" " Wwtr1™*;Postn™“M hearts post injury

to identify transcriptional changes and differential infiltration of

from Postn

Frontiers in Cardiovascular Medicine

cell types between genotypes. At 7 days post MI, hearts were
extracted, digested into single cell suspension, and FACS sorted
for live nucleated cells. We targeted cDNA and library
construction of 3,000 cells per genotype on the 10x Chromium
Controller for sequencing. We obtained a total of 6,063 high
quality sequenced cells, 2,930 from Postn™“™ and 3,133 from
Yapﬂ/ﬂ;thrIﬂ/ *;Postn™“M hearts, at an average sequencing
depth of 47,945 reads per cell. Cluster analysis of interstitial cells
revealed 18 main populations consisting of neutrophils (clusters
1, 18), B cells (cluster 2), macrophages/monocytes (clusters 0, 3,
11, 12, 13), T cells (clusters 4, 7, 8, 10), fibroblasts (cluster 5),
natural killer cells (cluster 14), and dendritic cells (cluster 17)
(Figures 4A,B and Supplementary Tables S4, S5). Two small
clusters (15 and 16) could not be identified or expressed mixed
cell type markers. While cells from each genotype were
represented in most clusters, clusters 6, 9, and 10 were primarily
derived from Yapﬂ/ 1. Wwtr 1+, Postn™MM (Figures 4C). Cluster 6
and 10 were enriched for proliferation markers (Top2a and
Mki67), suggesting a population of proliferative T cells infiltrate
myocardial injury in response to Yap/Wwtrl myofibroblasts
depletion.

We were primarily interested in fibroblast gene expression
profiles in Yapﬂ/ﬂ;thrlﬂ/ *Postn™M  hearts following MI

compared to control, as this comparison could provide insights
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FIGURE 3

Depletion of myofibroblast Yap and Wwtrl decreases fibrosis at 60 dpi. (A) Representative images of WGA staining in the remote zone of the left ventricl
at 60 dpi. Scale =50 um. (B) Quantification of cardiomyocyte cross sectional area. n =7 Yap™™:Wwtr1™* and 4 Yap™™ Wwtr1"* Postn™“M. Unpaired
student’s t-test. (C) Representative images denoting EdU+ nuclei within the scar area. White arrows indicate EdU+ scar associated nuclei. Scale =
100 pm. (D) Quantification of EdU+ scar associated nuclei. n=6 Yap™":Wwtrt™* and 4 Yap™™:Wwtr1™*;Postn™“M. Unpaired student’s t-test. (E)
Representative serial sections of Gomori trichrome stained hearts measured from the apex. Scale =5 mm. (F) Quantification of infarct scar size by
either total fibrotic area or midline size of the left ventricle. n=7 Yap™Wwtr1™* and 4 Yap™™"-Wwtr1™* Postn™“M. Unpaired student's t-test. (G)
Representative images depicting interstitial fibrosis within the remote zone of Gomori trichrome stained hearts. Scale = 50 um. (H) Quantification of
the % blue fibrotic area vs. total ventricular tissue. n=7 Yap™Wwtrt"* and 4 Yap™™:Wwtr1"*;Postn™“™. Unpaired student's t-test. (I,K)
Representative images of CHP staining within the scar region of 60 dpi mice. Scale =100 pm. (J,L) Quantification of CHP as a % area of the scar
region. n=4 Yap™" 3 Yap™":Postn™M, 7 Yap™":wwtr1™*, and 4 Yap™™-Wwtr1"*,Postn™“M Unpaired student's t-test. (M) Survival curve comparing
Yapﬂ/ﬂ;l/\/wtrlﬂ/* and Yaz/oﬂ/ﬂ,‘1/\/\/\/tr1W*;PosmMCM or R26-eGFP”* and R26-eGFP”*;Postn™““mice after M| until the 60 dpi end point. Animals that died

during surgery were not included. n =9 Yap™™":Wwtr1"*, 7 Yap™":Wwtr1V*:Postn™M, 8 R26-eGFP"*, 10 R26-eGFP”*;Postn™“™ Logrank Mantel-Cox
test. Ns, not significant, *P < 0.05, and **P < 0.01.

into the mechanisms downstream of Yap and Wwtrl that mediate
adverse cardiac remodeling or fibrotic phenotypes. Notably, Yap
and Wwtrl expression was almost exclusively detected in  showed significant negative activation scores for Yap, Wwtrl,
fibroblasts (cluster 5) (Figure 4D). Differential expression and Teadl as upstream regulators (—0.427, P-value 1.56E—16;
analysis on fibroblasts (cluster 5) revealed 319 differentially = —1.026, P-value 7.05E—03; and —1.739, P-value 2.44E—07
expressed genes (DEGs) between Yap™™;Wwitr1™*;Postn™“™ and  respectively) compared to Postn™“™ fibroblasts, indicating
Postn™ ™ genotypes (Supplementary Table S$6). Upstream  downregulation of reported Yap/Wwtrl/Teadl target genes in
regulator analysis of DEGs indicated fibroblasts from Yapﬂ/ﬂ; conditional knockout fibroblasts (Supplementary Figure S9).
Wwtr1V*;Postn™™  mice upregulated pathways related to  Amongst the most strongly upregulated genes in fibroblasts from
proinflammatory cytokines (IFNy, Statl, Tnf) and downregulated  Yap™ ™ Wwtr1"*;Postn™“™ hearts included genes associated with

pathways related to cell cycle activation (Myc (30) and Trim24  collagen secretion and pro-tumorigenic fibroblast properties

(31)) and pro-fibrotic cytokine activation such as IL4 (32)
(Figure 4E). Furthermore, Yapﬂ/ﬂ;thrlﬂ/ *Postn™“M fibroblasts
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cells, post filtering, from Postn™™ and Yap™™:Wwtr1™*;Postn™“™adult mouse heart 7 dpi. Clusters are identified by enriched gene markers in
Supplementary Table S4. (B) Heatmap of top 10 genes enriched within each cluster. (C) UMAP projection split by genotype and quantification of
percent of cells from each genotype for each cell cluster. (D) Violin plots denoting UMI count for Yap, Wwtrl, or Postn for each cluster. (E) IPA
analysis of predicted upstream regulators of upregulated or downregulated DEGs (Yap™™:Wwtr1™*;Postn™“™vs. Postn™“™) in fibroblasts (cluster 5). (F)
UMAP projection of re-clustering only fibroblasts (cluster 5) and identification of cardiac fibroblast subclusters. Epi., epicardial; Trascript.,
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[Saa3, Mpp6, Pdgfra (33, 34)]. Amongst the most downregulated
genes included proto-onco genes (Laptm4b (35), Clec3b (36))
and the myogenic marker, Desmin [Des (37)]. Of particular
interest, the secreted matricellular protein Ccn3 was amongst the

most

strongly

suppressed

in  Yap"wwtrl
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ﬂ/+;POStYlMCM

10

linked to the Hippo-Yap pathway.

fibroblasts (average Log, fold change=—1.69, adjusted P-value
1.24 x 10™'). While CCN family members, Ccnl [Cyr61 (38)]
and Ccn2, [Ctgf (39, 40)] are well known transcriptional targets
of Yap and Wwtrl, Ccn3 expression has not been previously
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To improve resolution of fibroblast phenotypes, we re-clustered
cells from fibroblast cluster 5 which resulted in 6 distinct clusters
0-5 (Figure 4F). Cells from both Yapﬂ/ ﬂ;thrl fir *Postn™M and

MCM
Postn™€

genotypes populated clusters 3 and 5 while cluster 0,
2, and 4 were derived primarily from Postn™™  hearts and
cluster 1 derived primarily from Yap""Wwtr1™*;Postn™M
hearts (Figure 4G). Cluster 0 was highly enriched for anti-
proliferative and pro-fibrotic IGF binding proteins [Igfbp5, Igfbp6
Igfbp3 (41, 42)] as well the epicardial marker Dmkn (41, 43-45).
Cluster 2 was enriched for genes encoding chemotactic genes
(Cxcl13, Cxcll, Cxcll2, Apln), and Cluster 4 was strongly
enriched for matrifibrocyte markers (Angptl7, Thbsl, Sfrp2)
described by Forte et al. as well as Vegfc (46). Thus, fibroblasts

derived primarily from Postn™“™

control hearts appear to be
enriched for pro-fibrotic and pro-inflammatory genes and more
closely resemble matrifibrocyte phenotype designed to support a
rigid scar (2). Cluster 1 was enriched for epicardial markers
[Saa3, Mpp6 (46)] suggesting distinct activation of epicardial
derived fibroblasts in Yap™™;Wwtr1™*;Postn™ ™ hearts. Cluster 3
contained cells from both genotypes and was strongly enriched
for genes described by Forte et al. as proliferating myofibroblasts
[Cenpa, Hmgb2, Cdc20, Birc5, Cks2, Stmnl, Top2a, among others
(46)]. Cluster 5 contained genes from both genotypes and was
strongly enriched for genes encoding ECM components (Mfap4,
Col8al, Coll4al, Coll5al) and contractile proteins (Postn, Acta2,
Tagln) suggesting a secretory myofibroblast phenotype (47).
Collectively, differential gene expression and marker analysis of
fibroblast sub-clusters indicates fibroblasts from Yapﬂ/ ﬂ;thrl i *
Postn™ ™ hearts are less proliferative and secretory, and display
distinct inflammatory chemokines compared to Postn™“™ hearts.

Yap and Wwtrl co-depletion synergistically
modulates Ccn3 gene expression in cardiac
fibroblasts

We next sought to address if gene expression changes observed
in vivo in Yapﬂ/ﬂ;thrlﬂ/ *Postn™M cells were associated with
depletion of either Yap or Wwtrl individually or required
depletion of both factors. We performed siRNA mediated
knockdown of Yap and/or Wwtrl in cultured primary rat
neonatal cardiac fibroblasts which resulted in greater than ~70%
depletion of Yap and Wwirl verified by gRT-PCR
(Figure 5A). Compared to the negative control and single
knockdowns of either Yap or Wwtrl, we identified distinct
genetic profiles for Yap/Wwtrl double knockdown cells as

as

evident by a principal component analysis (PCA) of DEGs
(Figure 5B). A relatively large set of significantly DEGs (P <.05)
with Log, fold change (Log2FC) >2 or <—2 were unique to Yap/
Wwitrl double knockdown cells (252 genes) while Yap or Wwirl
knockdowns shared the DEGs
(Figure 5C), suggesting high functional redundance of Yap and

single majority of their
Wwtrl in cardiac fibroblasts. A large gene cluster that was
activated only when both Yap and Wwtrl were knocked down
contained genes primarily related to the immune response
(Figure 5D). A gene cluster that was significantly downregulated
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in the Yap/Wwtrl knockdown group contained genes primarily
regulated by TgfB-1 and related to “hepatic fibrosis”, Stat3
pathway, and Th2 pathway— illustrating suppression of pro-
fibrotic genes with depletion of Yap and Wwtrl. Gene ontology
analysis of DEGs unique to Yap and Wwtrl co-depletion were
related to extracellular space (Figure 5E) indicating modulation
of matrix or secreted proteins. We specifically measured
expression of genes that were most strongly differentially
expressed in the fibroblast cluster (cluster 5) from our in vivo
scRNAseq experiment to determine if their expression was
regulated by depletion of Yap, Wwtrl, or both Yap and Wwtrl.
Out of the top five downregulated genes from the in vivo
scRNAseq experiment, Ccn3 was the most highly expressed in
negative siRNA treated cultured cardiac fibroblasts (Figure 5F).
Of these genes, only Ccn3 was robustly suppressed with Yap +
Wwtrl siRNA mediated depletion (Figure 5G). While expression
of most genes tested showed a synergistic (Cfb, Mgp, Prss23) or
additive (B2m, Irf7, Isgl5, Tnfrsf11b) response to Yap and Wwtrl
depletion, Anxa2 appeared primarily regulated by Yap while
Ccn3 and S$100al10 more regulated by Wwtrl
(Supplementary Figures S10A,B). From these data we observed

strongly

a synergistic role between Yap and Wwtrl regulating gene
expression in cardiac fibroblasts, with Ccn3 expression of
particular interest given its prominence in the datasets and
function as a matrix element.

CCN3 administration contributes to adverse
ventricular remodeling and fibrosis post Ml
in mice

Ccn3 was the most strongly downregulated gene in Yap™";
WwtrlV*Postn™™  fibroblasts at 7 dpi  (Supplementary
Table S6 and Figures S11A,B) that was also significantly and
robustly decreased following in vitro knockdown of Yap + Wwtrl
fibroblasts, but Yap knockdown
(Figure 5G). To confirm our results from scRNAseq and bulk
RNAseq of cultured fibroblasts, the siRNA
knockdown experiment in neonatal rat cardiac fibroblasts and

in cardiac not alone

we repeated

measured Ccn3 protein levels. In agreements with our

RNAsequencing, knockdown of Yap alone showed no change in
Ccn3 Yap + Wwtrl  knockdown
significantly decreased Ccn3 protein expression (Figures 6A,B

protein levels, whereas
and Supplementary Figure S12). Ccn3 is a member of the CCN
(Cyr61, Ctgf, Nov) family of secreted extracellular proteins (48).
While studies have linked Ccn3 to integrin and Notchl mediated
signaling (49) and prevention of renal fibrosis (16), the role of
Ccn3 in the heart post injury is virtually unexplored. Ccn3
protein is more abundant in infarcted hearts at 14 dpi compared
to uninjured hearts and its expression is decreased in Yap™
Wwtr1 ", Postn™M Yapﬂ/ Lwwer1

(Figure 6C and Supplementary Figure S13). These data mirror

compared  to mice

observations in human patients suffering from dilated
cardiomyopathies, who also show elevated cardiac CCN3
expression (50). Furthermore, Ccn3 expression is strongly

enriched in cardiac fibroblasts when compared to other
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FIGURE 5

Gene expression following Yap and/or Wwtrl depletion in vitro. (A) Relative RNA expression of Yap and Wwtrl after siRNA knockdown in primary cardiac
fibroblasts. n = 3 negative control, n =4 Yap, n=4 Wwtrl, n =4 Yap + Wwtrl. Each data point represents a biological replicate derived from cells from
independent pooled litters. One-way ANOVA comparing experimental groups to negative siRNA control by Dunnett's test. (B) PCA of DEGs from
RNAseq from siRNA treated cells n =3 per group. (C) Venn Diagram denoting unique and common DEGs with pAdj <0.05 and log2FC >2 or <-2
from Yap, Wwtrl, and Yap/Wwtrl knockdown (D) Heat map showing relative DEGs with pAdj <0.05 and log2FC >2 or <—2. The top three canonical
pathways and top three upstream regulators identified for each gene cluster by IPA are listed. (E) The top cellular component terms derived from
genes uniquely differentially expressed after Yap/Wwtrl knockdown. (F) Table depicting the top downregulated differentially expressed genes between
Yap™™-Wwitr1™*:Postn™“™ and Postn™“M fibroblasts and the baseline expression in FPKM values for negative siRNA treated primary cardiac fibroblasts. (G)
FPKM values of the genes depicted in (F) following siRNA treatment. Ns, not significant, *P < 0.05, and ***P < 0.001.

interstitial cells (Figures 6D and Supplementary Figure S14, beginning at 1dpi (Figure 7A). A prior study performed same
Tables S5, S7) suggesting fibroblasts are the primary source of  protocol to investigate the role of CCN3 on fibrosis linked to
CCN3 in the heart. We hypothesized that Ccn3 downregulation  diabetic nephropathy, demonstrating its efficacy in localizing to
in Yap" " Wwtr1%+;Postn™“™ fibroblasts contributes to improved  the heart following interperitoneally injection (16). Strikingly, we
cardiac functional outcomes post MI, and therefore CCN3  found at just 3 dpi that compared to vehicle, mice receiving
overactivation would promote adverse cardiac remodeling. To  CCN3 already started to show a decline in cardiac function, and
test this hypothesis, we performed MI on adult C57/B6 mice and by 14 and 28dpi cardiac function was substantially and
subsequently administered mice with either recombinant CCN3  significantly worse (Figure 7B and Supplementary Figure S15).
or vehicle (PBS) by intraperitoneal injection 3 times per week,  LVID-s increased significantly with administration of CCN3 over
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FIGURE 6
Ccn3 abundance decreases with depletion of Yap/Wwtrl. (A) Western blots depicting protein abundance of Yap, Wwtrl, or Ccn3 following siRNA
treatment in cultured neonatal rat cardiac fibroblasts with Gapdh loading controls. (B) Quantification of Ccn3 protein from neonatal rat cardiac
fibroblasts following siRNA, normalized to non-treated samples. n =3 biological replicates per group. Each replicate consisted of cells from
independent litters. One-way ANOVA comparing experimental groups to negative siRNA control by Dunnett's test. (C) Western blot depicting Ccn3
abundance in left ventricles of uninjured and 14 dpi left ventricles. (D) Feature plot illustrating the abundance of Ccn3 expressing cells by UMI within
clusters 5 and 16. Ns, not significant and *P < 0.05.

the 28-day experiment while LVID-d trended towards being larger
(P =0.08 at 28 dpi, Figure 7B). Heart weight and body weight were
not significantly different between groups (Figure 7C). Histological
analysis at 28 dpi revealed significantly larger scars (Figures 7D,E)
and increased proliferation of scar associated cells in response to
CCN3 administration (Figures 6F,G) but no difference in
cardiomyocyte cross sectional area (Figures 6H,I).

We next assessed whether CCN3 administration in mice
following infarction resulted in transcriptional changes that
We and
administered CCN3 or PBS for 3 consecutive days starting at
1 dpi. Hearts were collected 4 h after the final injection and left

promote adverse remodeling. performed MI

ventricular tissue was processed for bulk RNAsequencing.
RNAseq data was normalized to remove unwanted variation,
resulting in distinct genetic profiles between CCN3 and PBS
control treated animals (Figure 8A). We observed extracellular
matrix associated genes were predominantly upregulated in
ventricles of CCN3 treated mice while transcripts related to
mitochondrial function were suppressed (Figures 8B-D). Thus,
we illustrate CCN3 administration following injury drives fibrotic
gene networks in myocardial tissue. Further assessment of DEGs
by IPA was performed to identify which pathways were
modulated. TgfP1, a well characterized promoter of fibrosis, was
the while Teadl, a
transcription factor activated with Yap/Wwtrl activity, was the
most strongly inhibited (Figure 8F) (8, 51). Interestingly, while
mediated by Teadl predominantly
suppressed, indicating a potential repression of Yap/Wwtrl

most activated upstream  regulator

genes activity were
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activity, the expression of the matrix associated genes and CCN
family members, Ccnl and Ccn2, were significantly increased
(Figure 8G). Ccnl is promoted by and subsequently drives TgfB1
activity, promoting fibrosis in the heart (52, 53) and our data
suggests a novel role for exogenously administered CCN3 in
contributing to Cenl, Ccn2, and TgfB1 signaling in the heart and
aggravating fibrotic remodeling post MI. We further assessed the
cell type on which CCN3 is acting by treating neonatal rat
ventricular cardiac fibroblasts or myocytes at two different
dosages. At the higher dose, CCN3 drove expression of the pro-
fibrotic genes Fnl, Serpinel, and Ccn2 as well as Yap in cardiac
fibroblasts (Supplementary Figure S16). CCN3 administration to
cardiomyocytes however significantly promoted expression of the
cell cycle gene Aurkb, the hypertrophic gene Nppb, as well as the
Hippo-Yap elements Ccnl, Ccn2, and Wwtrl (Supplementary
Figure S17). Together, our data implicates Ccn3 as an element
promoting adverse remodeling.

Discussion

A nuanced understanding of how myofibroblasts function
during wound healing as they proliferate (2), migrate (54), secrete
matrix and cytokines (55, 56), recruit immune cells (57), and
facilitate a multitude of other roles is salient to understanding the
complex nature of progressive heart failure. A therapeutic means
to promote the beneficial nature of myofibroblasts (early matrix
deposition after injury and recruitment of anti-inflammatory
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FIGURE 7
Ccn3 administration promotes fibrotic gene expression post MI. (A) Experimental timeline of echocardiography, Mls, CCN3 administration, and EdU
administration in adult mice. (B) Quantification of left ventricular function by fractional shortening, ejection fraction, and left ventricular internal
diameters during diastole and systole at baseline. 3, 14, and 28 dpi timepoints were analyzed by repeated measures two-way ANOVA and Sidak
multiple comparisons test. n =10 PBS treated, 9 CCN3 treated. (C) Quantification of heart and body weights at 28 dpi. n =10 PBS treated, 9 CCN3
treated. Unpaired student's t-test. (D) Representative serial sections of GEmori trichrome stained hearts measured as distance from the apex. Scale =
5mm. (E) Quantification of infarct scar size by either total fibrotic area or midline size of the left ventricle. n =10 PBS treated, 9 CCN3 treated.
Unpaired student’s t-test. (F) Representative immunohistological images denoting EdU+ nuclei within the scar area. White arrows indicate EdU+ scar
associated nuclei. Scale = 100 pm. (G) Quantification of EdU+ scar associated nuclei. n =7 PBS treated, 6 CCN3 treated. Scale bar =100 pm. Unpaired
student’s t-test. (H) Representative images and (I) quantification of WGA staining in the remote zone of the left ventricle. n =9 PBS treated, 9 CCN3
treated. Scale =100 pm. Unpaired student’s t-test. ns, not significant. F-H Are from 28 dpi hearts. ns, not significant, *P<0.05, **P<0.01, ***P<
0.001, ****P < 0.0001.

immune cells) while reducing deleterious aspects (latent fibrosis)
would be beneficial to curbing heart failure. To this extent, our
studies characterize a means by which myofibroblast proliferation
and production of cell matrix genes is regulated by the Hippo-Yap
pathway. However, how Hippo-Yap signaling in myofibroblasts
affects cardiomyocyte function and whether it elicits an apoptotic
response has yet to be determined.
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Although the role of the Hippo-Yap pathway has been studied
in progenitor epicardial cells and resident cardiac fibroblasts (9, 10,
12, 13), we take the novel approach of assessing the role of
and Wwtrl
myofibroblasts, the cell type responsible for the lion’s share of

endogenous  Yap expression specifically in

matrix deposition following MI (1). While deletion of Yap alone
did not result in observable changes in scar size or fibrosis, co-
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disruption of Yap/Wwtrl1 resulted in significantly improved cardiac
function as well as reduced scar size, interstitial fibrosis, and
increased denatured collagen. These results are similar to
depletion of Yap and Wwtrl in resident cardiac fibroblasts
whereby Yap and Wwtrl have been shown to regulate the
transition of cardiac fibroblasts to a myofibroblast state (12).
However, as therapeutic strategies would likely be implemented
after an injury event, once myofibroblast are already activated,
our study indicates that inhibiting Yap/Wwtrl or downstream
functional mediators after the transition has already occurred
would a reasonable approach.

We highlight the synergistic role of Yap and Wwtrl in
regulating gene expression in cardiac fibroblasts. Our in vivo data
demonstrates a significant improvement in cardiac function in
Yap" s Wwtr1V*;Postn™ ™ whereas minimal improvement was
observed in Yapﬂ/ ﬂ;PostnMCM animals. However, these studies did
not include depletion of Wwtrl alone. Thus, Yapﬂ/ﬂ;thrIﬂ/ *
MEM - phenotypes could be attributed to either Wwtrl
depletion alone or to Yap and Wwtrl depletion, necessitating

Postn
further studies to verify this. Our in vitro transcriptomic data

elucidated strong synergy in gene regulation with depletion of
both Yap and Wwtrl, and enabled us to identify genes
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differentially expressed in vivo in Yap™ ,Wwtr1"*;Postn™™ that

were regulated by Wwtrl or Yap + Wwtrl, but not by Yap alone.
This cross-reference approach helped us prioritize candidate
factors that might be mediating the effects of Yap/Wwtrl in
cardiac myofibroblasts.

Our in vitro and in vivo RNA sequencing experiments pointed
to candidate genes whose function has been unexplored in the
context of cardiac remodeling. Of these genes, Ccn3 was of
particular interest. CCN family members consist of secreted
extracellular proteins which have been shown to interact with
extracellular matrix components such as Fblnl and receptors
such as integrins and Notch (49). Other members of the CCN
family include the well-studied and direct targets of Yap/Wwtrl
mediated transcription Ccnl and Ccn2 (39, 40). Literature on the
interaction between Ccn3 and Hippo-Yap signaling is sparse, but
data indicate Ccn3 expression correlates with Yap/Wwtrl
Yap/Wwtrl/Tead inhibitor
verteporfin decreases CCN3 expression in cultured human
dermal fibroblasts
transcriptionally

activity. Administration of the
(58) while a decrease in the ratio of
suppressed  phosphorylated to

unphosphorylated Yap correlated with an increase in Ccn3

Yap

during fragmentation of murine ovaries (59). Similar to our
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findings in injured mice, endomyocardial biopsies from patients
with dilated
expression of CCN3 (50). In mice, Ccn3 knockout mutants

cardiomyopathy show significantly increased
display endocardial defects and delayed ventricular septum fusion
during development, but are viable as adults (60). Adult
knockout mice exhibit cardiomyopathy denoted by hypertrophy
and calcification of the septal wall, but not overt ventricular
fibrosis (60). To our knowledge, MI studies have not been
performed in Ccn3 knockout mice. Overall, the consequence of
Ccn3 expression on fibrosis across tissues is not well defined in
the literature. While it has been documented in some models
that Ccn3 reduces fibrosis via antagonism with Ccn2 and by
extension TgfBl signaling (58, 61), this is not always the case
(50, 62, 63). Indeed, we illustrate both TgfB1 signaling and Ccnl
expression are both increased in vivo with administration of
CCN3. Furthermore,

following cardiac injury was increased. These results mirror those

proliferation of interstitial scar cells
from Lin et al. where CCN3 has been shown to promote DNA
synthesis in cultured human skin fibroblasts in the presence of
FGF2 (64). However, as systemic administration of CCN3 does
affect the renal system and potentially other organ systems and
various cell types, we cannot rule out off target effects such as
hypertension that may indirectly impact reduced cardiac function
we observed in our experiments. Future studies will be aimed at
elucidating the how Yap/Wwtrl modulates Ccn3 expression in
cardiac fibroblasts and the collective mechanisms by which Ccn3
contributes adverse cardiac remodeling.

Together, our work illustrates the intrinsic function of Yap and
Wwtrl in myofibroblast activity which promotes fibrosis and
deleterious remodeling of the left ventricle after injury. We
demonstrate that Ccn3 expression is regulated by Yap and
Wwtrl, and CCN3 administration substantially contributes to
adverse cardiac function post MI. As such, the Hippo-Yap
pathway, Ccn3, or other downstream elements expressed in
cardiac myofibroblasts could be attractive targets for modulating
adverse remodeling following MI.

Data availability statement

Data from the bulk in vitro RNAseq, bulk left ventricular
RNAseq, and scRNAseq have been uploaded to the Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) and
can be accessed under GSE185368, GSE217925, and GSE204712
respectively.

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was reviewed and approved by The Institutional
Animal Care and Use Committee of the Medical College of Wisconsin.

Frontiers in Cardiovascular Medicine

16

10.3389/fcvm.2023.1142612

Author contributions

Conceptualization: CCO, MAF, MP, and BAL; Methodology:
MAF, SA-A, JD, and XZ; Investigation: MAF, SA-A, JD, MCK,
VAA, SJP, XZ, TB, AJ, and RT; Formal analysis: MAF, SA-A, JD,
MCK, VAA, SJP, XZ, TB, AJ and RT; Writing - original draft:
MAF, CCO, SA-A, and JD; Writing - review & editing: MAF,
SA-A, MCK, VAA, SJP, XZ, TB, AJ, PL, JD, MP, BAL, and CCO;
Supervision: CCO, MP, BAL, and PL; Project administration:
CCO; Funding acquisition: CCO, BAL, MAF, MP, and SJP. All
authors contributed to the article and approved the submitted

version.

Acknowledgments

We thank the Roy J. Carver Biotechnology Center at the
University of Illinois, Urbana Champaign for sequencing and
bioinformatic support.

Funding

This work was supported by Advancing a Healthier Wisconsin
Co-Investigator Grant (BAL and CCO); by the National Institutes
of Health (R01 HL141159 to CCO, R0l HL155085 to MP, T32
HL134643 and F32 HL150958 to MAF, and F31 HL150919 to
SJP); by the Cardiovascular Center’s A.O. Smith Fellowship
Scholars Program (MAF); by the American Heart Association
(18CDA34110240 to MP), and by the Medical College of
Wisconsin Cardiovascular Center (FP00012308).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.
1142612/full#supplementary-material.

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1142612/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1142612/full#supplementary-material
https://doi.org/10.3389/fcvm.2023.1142612
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Flinn et al.

References

1. Kanisicak O, Khalil H, Ivey MJ, Karch J, Maliken BD, Correll RN, et al. Genetic
lineage tracing defines myofibroblast origin and function in the injured heart. Nat
Commun. (2016) 7:12260. doi: 10.1038/ncomms12260

2. Fu X, Khalil H, Kanisicak O, Boyer JG, Vagnozzi RJ, Maliken BD, et al.
Specialized fibroblast differentiated states underlie scar formation in the infarcted
mouse heart. J Clin Invest. 128(5):2127-43. doi: 10.1172/JCI98215

3. Schmitt-Graff A, Desmouliére A, Gabbiani G. Heterogeneity of myofibroblast
phenotypic features: an example of fibroblastic cell plasticity. Virchows Arch. (1994)
425(1):3-24. doi: 10.1007/BF00193944

4. Weber KT, Sun Y, Bhattacharya SK, Ahokas RA, Gerling IC. Myofibroblast-
mediated mechanisms of pathological remodelling of the heart. Nat Rev Cardiol.
(2013) 10(1):15-26. doi: 10.1038/nrcardio.2012.158

5. Ma Y, Iyer RP, Jung M, Czubryt MP, Lindsey ML. Cardiac fibroblast activation
post-myocardial infarction: current knowledge gaps. Trends Pharmacol Sci. (2017)
38(5):448-58. doi: 10.1016/j.tips.2017.03.001

6. Lai SL, Marin-Juez R, Stainier DYR. Immune responses in cardiac repair and
regeneration: a comparative point of view. Cell Mol Life Sci. (2019) 76(7):1365-80.
doi: 10.1007/s00018-018-2995-5

7. Van De Water L, Varney S, Tomasek JJ. Mechanoregulation of the myofibroblast
in wound contraction, scarring, and fibrosis: opportunities for new therapeutic
intervention. Adv Wound Care (New Rochelle). (2013) 2(4):122-41. doi: 10.1089/
wound.2012.0393

8. Flinn MA, Link BA, O’Meara CC. Upstream regulation of the Hippo-Yap
pathway in cardiomyocyte regeneration. Semin Cell Dev Biol. (2020) 100:11-9.
doi: 10.1016/j.semcdb.2019.09.004

9. Xiao Y, Hill MC, Zhang M, Martin TJ, Morikawa Y, Wang S, et al. Hippo
signaling plays an essential role in cell state transitions during cardiac fibroblast
development. Dev Cell. (2018) 45(2):153-69.e6. doi: 10.1016/j.devcel.2018.03.019

10. Xiao Y, Hill MC, Li L, Deshmukh V, Martin TJ, Wang J, et al. Hippo pathway
deletion in adult resting cardiac fibroblasts initiates a cell state transition with
spontaneous and self-sustaining fibrosis. Genes Dev. (2019) 33(21-22):1491-505.
doi: 10.1101/gad.329763.119

11. Garoffolo G, Casaburo M, Amadeo F, Salvi M, Bernava G, Piacentini L, et al.
Reduction of cardiac fibrosis by interference with YAP-dependent transactivation.
Circ Res. (2022) 131(3):239-57. doi: 10.1161/CIRCRESAHA.121.319373

12. Mia MM, Cibi DM, Ghani SABA, Singh A, Tee N, Sivakumar V, et al. Loss of
Yap/Taz in cardiac fibroblasts attenuates adverse remodelling and improves cardiac
function. Cardiovasc Res. (2022): 118(7):1785-804. doi: 10.1093/cvr/cvab205

13. Francisco J, Zhang Y, Jeong JI, Mizushima W, Ikeda S, Ivessa A, et al. Blockade
of fibroblast YAP attenuates cardiac fibrosis and dysfunction through MRTF-A
inhibition. JACC Basic Transl Sci. (2020) 5(9):931-45. doi: 10.1016/j.jacbts.2020.07.009

14. Gao E, Koch WJ. A novel and efficient model of coronary artery ligation in the
mouse. Methods Mol Biol. (2013) 1037:299-311. doi: 10.1007/978-1-62703-505-7_17

15. Mahmoud Al, Porrello ER, Kimura W, Olson EN, Sadek HA. Surgical models
for cardiac regeneration in neonatal mice. Nat Protoc. (2014) 9(2):305-11. doi: 10.
1038/nprot.2014.021

16. Riser BL, Najmabadi F, Garchow K, Barnes JL, Peterson DR, Sukowski EJ.
Treatment with the matricellular protein CCN3 blocks and/or reverses fibrosis
development in obesity with diabetic nephropathy. Am ] Pathol. (2014) 184
(11):2908-21. doi: 10.1016/j.ajpath.2014.07.009

17. Nascimento DS, Valente M, Esteves T, de Fatima de Pina M, Guedes ]G, Freire
A, et al. MIQuant - semi-automation of infarct size assessment in models of cardiac
ischemic injury. PLoS ONE. (2011) 6(9):e25045. doi: 10.1371/journal.pone.0025045

18. Flinn MA, Jeffery BE, O’Meara CC, Link BA. Yap is required for scar formation
but not myocyte proliferation during heart regeneration in zebrafish. Cardiovasc Res.
(2019) 115(3):570-7. doi: 10.1093/cvr/cvy243

19. Friedrich G, Soriano P. Promoter traps in embryonic stem cells: a genetic screen
to identify and mutate developmental genes in mice. Genes Dev. (1991) 5(9):1513-23.
doi: 10.1101/gad.5.9.1513

20. Core Team R. R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing (2021). Available from: https://www.
R-project.org/

21. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell

transcriptomic data across different conditions, technologies, and species. Nat
Biotechnol. (2018) 36(5):411-20. doi: 10.1038/nbt.4096

22. Hafemeister C, Satija R. Normalization and variance stabilization of single-cell
RNA-seq data using regularized negative binomial regression. Genome Biol. (2019)
20(1):296. doi: 10.1186/s13059-019-1874-1

23. McInnes L, Healy J, Melville J. UMAP: Uniform Manifold Approximation and
Projection for Dimension Reduction. arXiv:180203426 [cs, stat]. (2020). Available
from: http://arxiv.org/abs/1802.03426 (cited 2022 Mar 2).

Frontiers in Cardiovascular Medicine

17

10.3389/fcvm.2023.1142612

24. Risso D, Ngai ], Speed TP, Dudoit S. Normalization of RNA-seq data using
factor analysis of control genes or samples. Nat Biotechnol. (2014) 32(9):896-902.
doi: 10.1038/nbt.2931

25. Huang DW, Sherman BT, Lempicki RA. Bioinformatics enrichment tools: paths
toward the comprehensive functional analysis of large gene lists. Nucleic Acids Res.
(2009) 37(1):1-13. doi: 10.1093/nar/gkn923

26. Qin Z, Xia W, Fisher GJ, Voorhees JJ, Quan T. YAP/TAZ regulates TGF-B/
Smad3 signaling by induction of Smad7 via AP-1 in human skin dermal fibroblasts.
Cell Commun Signal. (2018) 16(1):18. doi: 10.1186/s12964-018-0232-3

27. Guzzoni V, de Céssia Marqueti R, Durigan JLQ, de Carvalho HF, Lino RLB,
Mekaro MS, et al. Reduced collagen accumulation and augmented MMP-2 activity
in left ventricle of old rats submitted to high-intensity resistance training. J Appl
Physiol (1985). (2017) 123(3):655-63. doi: 10.1152/japplphysiol.01090.2016

28. Hwang J, Huang Y, Burwell TJ, Peterson NC, Connor J, Weiss SJ, et al. In situ
imaging of tissue remodeling with collagen hybridizing peptides. ACS Nano. (2017) 11
(10):9825-35. doi: 10.1021/acsnano.7b03150

29. Chen J, Tung CH, Allport JR, Chen S, Weissleder R, Huang PL. Near-infrared
fluorescent imaging of matrix metalloproteinase activity after myocardial infarction.
Circulation. (2005) 111(14):1800-5. doi: 10.1161/01.CIR.0000160936.91849.9F

30. Amati B, Alevizopoulos K, Vlach J. Myc and the cell cycle. Front Biosci. (1998) 3:
d250-68. doi: 10.2741/A239

31. Wang H, Xue W, Jiang X. Overexpression of TRIM24 stimulates proliferation
and glucose metabolism of head and neck squamous cell carcinoma. Biomed Res
Int. (2018) 2018:6142843. doi: 10.1155/2018/6142843

32. Gieseck RL, Wilson MS, Wynn TA. Type 2 immunity in tissue repair and
fibrosis. Nat Rev Immunol. (2018) 18(1):62-76. doi: 10.1038/nri.2017.90

33. Mitchell TI, Coon CI, Brinckerhoff CE. Serum amyloid A (SAA3) produced by
rabbit synovial fibroblasts treated with phorbol esters or interleukin 1 induces
synthesis of collagenase and is neutralized with specific antiserum. J Clin Invest.
(1991) 87(4):1177-85. doi: 10.1172/JCI115116

34. Djurec M, Grana O, Lee A, Troulé K, Espinet E, Cabras L, et al. Saa3 is a key
mediator of the protumorigenic properties of cancer-associated fibroblasts in
pancreatic tumors. Proc Natl Acad Sci USA. (2018) 115(6):E1147-56. doi: 10.1073/
pnas.1717802115

35. Meng Y, Wang L, Chen D, Chang Y, Zhang M, Xu JJ, et al. LAPTM4B: an
oncogene in various solid tumors and its functions. Oncogene. (2016) 35
(50):6359-65. doi: 10.1038/0nc.2016.189

36. Liu ], Liu Z, Liu Q, Li L, Fan X, Wen T, et al. CLEC3B Is downregulated and
inhibits proliferation in clear cell renal cell carcinoma. Oncol Rep. (2018) 40
(4):2023-35. doi: 10.3892/0r.2018.6590

37. Goldring K, Jones GE, Sewry CA, Watt DJ. The muscle-specific marker desmin
is expressed in a proportion of human dermal fibroblasts after their exposure to
galectin-1. Neuromuscul Disord. (2002) 12(2):183-6. doi: 10.1016/S0960-8966(01)
00280-2

38. Park MH, Kim AK, Manandhar S, Oh SY, Jang GH, Kang L, et al. CCN1
Interlinks integrin and hippo pathway to autoregulate tip cell activity. Elife. (2019)
8:¢46012. doi: 10.7554/eLife.46012

39. Lai D, Ho KC, Hao Y, Yang X. Taxol resistance in breast cancer cells is mediated
by the hippo pathway component TAZ and its downstream transcriptional targets
Cyr61 and CTGF. Cancer Res. (2011) 71(7):2728-38. doi: 10.1158/0008-5472.CAN-
10-2711

40. Kuo CY, Chang YC, Chien MN, Jhuang JY, Hsu YC, Huang SY, et al. SREBP1
Promotes invasive phenotypes by upregulating CYR61/CTGF via the Hippo-YAP
pathway. Endocr Relat Cancer. (2021) 29(2):47-58. doi: 10.1530/ERC-21-0256

41. Nguyen XX, Muhammad L, Nietert PJ, Feghali-Bostwick C. IGFBP-5 Promotes
fibrosis via increasing its own expression and that of other pro-fibrotic mediators.
Front Endocrinol (Lausanne). (2018) 9:601. doi: 10.3389/fendo.2018.00601

42. Longhitano L, Tibullo D, Vicario N, Giallongo C, La Spina E, Romano A, et al.
IGFBP-6/sonic hedgehog/TLR4 signalling axis drives bone marrow fibrotic
transformation in primary myelofibrosis. Aging (Albany NY). (2021) 13
(23):25055-71. doi: 10.18632/aging.203779

43. Sureshbabu A, Okajima H, Yamanaka D, Shastri S, Tonner E, Rae C,
et al. IGFBP-5 induces epithelial and fibroblast responses consistent with the
fibrotic response. Biochem Soc Trans. (2009) 37(Pt 4):882-5. doi: 10.1042/
BST0370882

44. Yasuoka H, Jukic DM, Zhou Z, Choi AMK, Feghali-Bostwick CA. Insulin-like
growth factor binding protein 5 induces skin fibrosis: a novel murine model for
dermal fibrosis. Arthritis Rheum. (2006) 54(9):3001-10. doi: 10.1002/art.22084

45. Yasuoka H, Zhou Z, Pilewski JM, Oury TD, Choi AMK, Feghali-Bostwick CA.
Insulin-like growth factor-binding protein-5 induces pulmonary fibrosis and triggers
mononuclear cellular infiltration. Am J Pathol. (2006) 169(5):1633-42. doi: 10.2353/
ajpath.2006.060501

frontiersin.org


https://doi.org/10.1038/ncomms12260
https://doi.org/10.1172/JCI98215
https://doi.org/10.1007/BF00193944
https://doi.org/10.1038/nrcardio.2012.158
https://doi.org/10.1016/j.tips.2017.03.001
https://doi.org/10.1007/s00018-018-2995-5
https://doi.org/10.1089/wound.2012.0393
https://doi.org/10.1089/wound.2012.0393
https://doi.org/10.1016/j.semcdb.2019.09.004
https://doi.org/10.1016/j.devcel.2018.03.019
https://doi.org/10.1101/gad.329763.119
https://doi.org/10.1161/CIRCRESAHA.121.319373
https://doi.org/10.1093/cvr/cvab205
https://doi.org/10.1016/j.jacbts.2020.07.009
https://doi.org/10.1007/978-1-62703-505-7_17
https://doi.org/10.1038/nprot.2014.021
https://doi.org/10.1038/nprot.2014.021
https://doi.org/10.1016/j.ajpath.2014.07.009
https://doi.org/10.1371/journal.pone.0025045
https://doi.org/10.1093/cvr/cvy243
https://doi.org/10.1101/gad.5.9.1513
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1186/s13059-019-1874-1
http://arxiv.org/abs/1802.03426
https://doi.org/10.1038/nbt.2931
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1186/s12964-018-0232-3
https://doi.org/10.1152/japplphysiol.01090.2016
https://doi.org/10.1021/acsnano.7b03150
https://doi.org/10.1161/01.CIR.0000160936.91849.9F
https://doi.org/10.2741/A239
https://doi.org/10.1155/2018/6142843
https://doi.org/10.1038/nri.2017.90
https://doi.org/10.1172/JCI115116
https://doi.org/10.1073/pnas.1717802115
https://doi.org/10.1073/pnas.1717802115
https://doi.org/10.1038/onc.2016.189
https://doi.org/10.3892/or.2018.6590
https://doi.org/10.1016/S0960-8966(01)00280-2
https://doi.org/10.1016/S0960-8966(01)00280-2
https://doi.org/10.7554/eLife.46012
https://doi.org/10.1158/0008-5472.CAN-10-2711
https://doi.org/10.1158/0008-5472.CAN-10-2711
https://doi.org/10.1530/ERC-21-0256
https://doi.org/10.3389/fendo.2018.00601
https://doi.org/10.18632/aging.203779
https://doi.org/10.1042/BST0370882
https://doi.org/10.1042/BST0370882
https://doi.org/10.1002/art.22084
https://doi.org/10.2353/ajpath.2006.060501
https://doi.org/10.2353/ajpath.2006.060501
https://doi.org/10.3389/fcvm.2023.1142612
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Flinn et al.

46. Forte E, Skelly DA, Chen M, Daigle S, Morelli KA, Hon O, et al. Dynamic interstitial
cell response during myocardial infarction predicts resilience to rupture in genetically
diverse mice. Cell Rep. (2020) 30(9):3149-63.€6. doi: 10.1016/j.celrep.2020.02.008

47. Hesse ], Owenier C, Lautwein T, Zalfen R, Weber JF, Ding Z, et al. Single-cell
transcriptomics defines heterogeneity of epicardial cells and fibroblasts within the
infarcted murine heart. Elife. (2021) 10:¢65921. doi: 10.7554/eLife.65921

48. Bork P. The modular architecture of a new family of growth regulators related to
connective tissue growth factor. FEBS Lett. (1993) 327(2):125-30. doi: 10.1016/0014-
5793(93)80155-N

49. Lombet A, Planque N, Bleau AM, Li C, Perbal B. CCN3 And calcium signaling.
Cell Commun Signal. (2003) 1(1):1. doi: 10.1186/1478-811X-1-1

50. Tank J, Lindner D, Wang X, Stroux A, Gilke L, Gast M, et al. Single-target RNA
interference for the blockade of multiple interacting proinflammatory and profibrotic
pathways in cardiac fibroblasts. ] Mol Cell Cardiol. (2014) 66:141-56. doi: 10.1016/j.
yjmcc.2013.11.004

51. Frangogiannis NG. Transforming growth factor-B in tissue fibrosis. ] Exp Med.
(2020) 217(3):e20190103. doi: 10.1084/jem.20190103

52. Dean RG, Balding LC, Candido R, Burns WC, Cao Z, Twigg SM, et al.
Connective tissue growth factor and cardiac fibrosis after myocardial infarction.
] Histochem Cytochem. (2005) 53(10):1245-56. doi: 10.1369/jhc.4A6560.2005

53. Daniels A, Van Bilsen M, Goldschmeding R, Van Der Vusse GJ, Van
Nieuwenhoven FA. Connective tissue growth factor and cardiac fibrosis. Acta
Physiol. (2009) 195(3):321-38. doi: 10.1111/j.1748-1716.2008.01936.x

54. Zuo C, Li X, Huang J, Chen D, Ji K, Yang Y, et al. Osteoglycin attenuates cardiac
fibrosis by suppressing cardiac myofibroblast proliferation and migration through
antagonizing lysophosphatidic acid 3/matrix metalloproteinase 2/epidermal growth
factor receptor signalling. Cardiovasc Res. (2018) 114(5):703-12. doi: 10.1093/cvr/cvy035

55. Svystonyuk DA, Ngu JMC, Mewhort HEM, Lipon BD, Teng G, Guzzardi DG,
et al. Fibroblast growth factor-2 regulates human cardiac myofibroblast-mediated
extracellular matrix remodeling. J Transl Med. (2015) 13:147. doi: 10.1186/s12967-
015-0510-4

Frontiers in Cardiovascular Medicine

18

10.3389/fcvm.2023.1142612

56. Landry N, Kavosh MS, Filomeno KL, Rattan SG, Czubryt MP, Dixon IMC. Ski
drives an acute increase in MMP-9 gene expression and release in primary cardiac
myofibroblasts. Physiol Rep. (2018) 6(22):€13897. doi: 10.14814/phy2.13897

57. Pappritz K, Savvatis K, Koschel A, Miteva K, Tschépe C, Van Linthout S.
Cardiac (myo)fibroblasts modulate the migration of monocyte subsets. Sci Rep.
(2018) 8(1):5575. doi: 10.1038/s41598-018-23881-7

58. Peidl A, Perbal B, Leask A. Yin/Yang expression of CCN family members:
transforming growth factor beta 1, via ALK5/FAK/MEK, induces CCN1 and CCN2,
yet suppresses CCN3, expression in human dermal fibroblasts. PLoS One. (2019) 14
(6):€0218178. doi: 10.1371/journal.pone.0218178

59. Kawamura K, Cheng Y, Suzuki N, Deguchi M, Sato Y, Takae S, et al. Hippo
signaling disruption and Akt stimulation of ovarian follicles for infertility
treatment. Proc Natl Acad Sci USA. (2013) 110(43):17474-9. doi: 10.1073/pnas.
1312830110

60. Heath E, Tahri D, Andermarcher E, Schofield P, Fleming S, Boulter CA.
Abnormal skeletal and cardiac development, cardiomyopathy, muscle atrophy and
cataracts in mice with a targeted disruption of the Nov (Ccn3) gene. BMC Dev Biol.
(2008) 8:18. doi: 10.1186/1471-213X-8-18

61. Riser BL, Najmabadi F, Perbal B, Rambow JA, Riser ML, Sukowski E, et al.
CCN3/CCN2 Regulation and the fibrosis of diabetic renal disease. J Cell Commun
Signal. (2010) 4(1):39-50. doi: 10.1007/s12079-010-0085-z

62. Zhang C, van der Voort D, Shi H, Zhang R, Qing Y, Hiraoka S, et al.
Matricellular protein CCN3 mitigates abdominal aortic aneurysm. J Clin Invest.
(2016) 126(4):1282-99. doi: 10.1172/JCI82337

63. Borkham-Kamphorst E, van Roeyen CR, Van de Leur E, Floege J, Weiskirchen
R. CCN3/NOV Small interfering RNA enhances fibrogenic gene expression in primary
hepatic stellate cells and cirrhotic fat storing cell line CFSC. J Cell Commun Signal.
(2012) 6(1):11-25. doi: 10.1007/s12079-011-0141-3

64. Lin CG, Chen CC, Leu SJ, Grzeszkiewicz TM, Lau LF. Integrin-dependent
functions of the angiogenic inducer NOV (CCN3): IMPLICATION IN WOUND
HEALING*. ] Biol Chem. (2005) 280(9):8229-37. doi: 10.1074/jbc.M404903200

frontiersin.org


https://doi.org/10.1016/j.celrep.2020.02.008
https://doi.org/10.7554/eLife.65921
https://doi.org/10.1016/0014-5793(93)80155-N
https://doi.org/10.1016/0014-5793(93)80155-N
https://doi.org/10.1186/1478-811X-1-1
https://doi.org/10.1016/j.yjmcc.2013.11.004
https://doi.org/10.1016/j.yjmcc.2013.11.004
https://doi.org/10.1084/jem.20190103
https://doi.org/10.1369/jhc.4A6560.2005
https://doi.org/10.1111/j.1748-1716.2008.01936.x
https://doi.org/10.1093/cvr/cvy035
https://doi.org/10.1186/s12967-015-0510-4
https://doi.org/10.1186/s12967-015-0510-4
https://doi.org/10.14814/phy2.13897
https://doi.org/10.1038/s41598-018-23881-7
https://doi.org/10.1371/journal.pone.0218178
https://doi.org/10.1073/pnas.1312830110
https://doi.org/10.1073/pnas.1312830110
https://doi.org/10.1186/1471-213X-8-18
https://doi.org/10.1007/s12079-010-0085-z
https://doi.org/10.1172/JCI82337
https://doi.org/10.1007/s12079-011-0141-3
https://doi.org/10.1074/jbc.M404903200
https://doi.org/10.3389/fcvm.2023.1142612
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Myofibroblast Ccn3 is regulated by Yap and Wwtr1 and contributes to adverse cardiac outcomes
	Introduction
	Methods
	Animals
	Isoflurane administration
	Myocardial infarction
	Tamoxifen treatment
	CCN3 mouse administration
	Echocardiography
	Histological analysis
	siRNA knockdown in cultured rat cardiac fibroblasts
	3H thymidine incorporation in cultured rat cardiac fibroblasts
	CCN3 administration to cultured rat cells
	Single cell RNA sequencing (scRNAseq)
	scRNAseq data analysis
	Western blot
	RNA extraction and qRT-PCR
	Bulk RNAsequencing
	Statistics
	Study approval

	Results
	Yap and Wwtr1 are expressed in myofibroblasts after MI
	Depletion of Yap in myofibroblasts results in modest protection against ventricular dilation post MI
	Depletion of both Yap and Wwtr1 in myofibroblasts improves cardiac function followingMI
	Single cell analysis defines Yap and Wwtr1 downstream targets in cardiac myofibroblasts post MI
	Yap and Wwtr1 co-depletion synergistically modulates Ccn3 gene expression in cardiac fibroblasts
	CCN3 administration contributes to adverse ventricular remodeling and fibrosis post MI in mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


