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Abstract

Rationale: Hypertrophic cardiomyopathy occurs with a frequency of about 1 in 500 people.
Approximately 30% of those affected carry mutations within the gene encoding cardiac myosin-
binding protein C (cMyBP-C). Cardiac stress, as well as cMyBP-C mutations, can trigger
production of a 40kDa truncated fragment derived from the amino terminus of cMyBP-C
(Mybpc340kDay Expression of the 40kDa fragment in mouse cardiomyocytes leads to hypertrophy,
fibrosis and heart failure. Here we use genetic approaches to establish a causal role for excessive
myofibroblast activation in a slow, progressive genetic cardiomyopathy - one that is driven by a
cardiomyocyte-intrinsic genetic perturbation that models an important human disease.

Obijective: Transforming growth factor-g (TGFp) signaling is implicated in a variety of fibrotic
processes and the goal of this study was to define the role of myofibroblast TGFp signaling during
chronic Mybpc3*0kPa expression.

Methods and Results: To specifically block TGFp signaling only in the activated
myofibroblasts in Mybpc30kPa transgenic (Tg) mice, quadruple compound mutant mice were
generated, in which the TGFp receptor 1l (TBRII) alleles ( 7g7br2) were ablated using the Postn
(periostin) allele, myofibroblast-specific, tamoxifen-inducible Cre (Postnmcm) gene-targeted line.
Tgfbr2was ablated either early or late during pathological fibrosis. Early myofibroblast specific
Tgrfbr2 ablation during the fibrotic response reduced cardiac fibrosis, alleviated cardiac
hypertrophy, preserved cardiac function, and increased lifespan of the Mybpc3*%kDa Tg mice.
Tgrbr2 ablation late in the pathological process reduced cardiac fibrosis, preserved cardiac
function, and prolonged Mybpc3*%kD2 mouse survival but failed to reverse cardiac hypertrophy.
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Conclusions: Fibrosis and cardiac dysfunction induced by cardiomyocyte-specific expression of
Mybpc3*0kDa ere significantly decreased by 7gfbr2 ablation in the myofibroblast. Surprisingly,
pre-existing fibrosis was partially reversed if the gene was ablated subsequent to fibrotic
deposition, suggesting that continued TGFp signaling through the myofibroblasts was needed to
maintain the heart’s fibrotic response to a chronic, disease-causing cardiomyocyte-only stimulus.
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INTRODUCTION

Mutations of cardiac myaosin binding protein C (cMyBP-C) account for more than 30% of
all identified cardiomyopathy cases.1* About 70% of the identified mutations result in
truncated cMyBP-C proteins lacking the C-terminus region.> For example, one Mybpc3
mutation results in a truncated peptide that encodes only the N-terminal 258 amino acids
plus 25 additional, new amino acids.® Although many of these peptides are unstable and are
rapidly turned over,> some are relatively long-lived and accumulate in appreciable amounts,
functioning as poison peptides.” Previously, we found that cardiac stress can trigger cardiac
production of a 40kDa cMyBP-C fragment derived from the amino terminus of cMyBP-C
(amino acids 1-271) in both human patients and in a mouse surgical model.8-11
Mybpc3*%%Pa Tg mice expressing the 40kDa fragment specifically in cardiomyocytes
developed cardiac hypertrophy, fibrosis and heart failure, mimicking aspects of human
disease progression.1! Subsequent studies identified that the non-canonical TGFp signaling
mitogen activated protein kinase kinase and p38/mitogen activated protein kinase-activated
protein kinase 2 pathways were activated in the Mybpc3?kDa hearts. Pharmacologically
inhibiting either pathway reduced cardiac hypertrophy, alleviated cardiac fibrosis and
prolonged survival 1112 implicating TGF signaling in Mybpc3?0%Da cardiac disease
presentation and progression.

As fibrosis progresses, TGFp is considered as one of the essential fibrotic signaling ligands
that promotes cardiac scar formation.13 In contrast, bone morphogenetic protein (BMP)7
was identified as an anti-fibrotic counterpart of TGF in several organs including the heart.
14-16 Recent studies in the heart suggest that the balance between TGFB and BMP7
signaling is disrupted in response to disease or after transverse aortic constriction.16
Activating BMP7 signaling via treatment with recombinant BMP7 or cardiomyocyte-
specific knockout of TGFp receptor 11 (TBRII) alleviated the cardiac pathology.1:16

Cardiac fibrosis can play an important role in cardiac pathogenic processes that occur as a
result of acute myocardial infarction or hypertrophic cardiomyopathy. In response to cardiac
injury, resident cardiac and smooth muscle a actin (aSMA) fibroblasts are activated and
differentiate into myofibroblasts, which are characterized by the expression of cell specific
markers such as periostin. Initially, fibrosis is largely an adaptive response, aimed at
preserving ventricular wall integrity.1” With ongoing cardiac dysfunction, fibrosis can
continue to progress and transitions into replacement fibrosis, which is associated with
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cardiomyocyte loss leading to ventricular dilation and heart failure.1® Cardiac fibroblast to
myofibroblast transition is critical in the activation and progression of cardiac fibrosis in
response to pressure overload or genetic hypertrophic cardiomyopathy.19:20 Additional
recent studies suggest that targeting fibroblast or myofibroblast specific fibrotic signaling
alleviated cardiac pathology in surgically induced myocardial infarction or pressure-
overload mouse models, further indicating a critical role for the fibroblast in cardiac
pathological progression.21-24 However, it is becoming apparent that, rather than being a
single process, fibrotic processes and underlying mechanisms are different in response to
different cardiac insults. For example, in a previous seminal study, TGFp neutralized
antibody treatment rescued a myosin heavy chain mutation induced hypertrophic
cardiomyopathy, but had no effect on TAC surgery induced cardiomyopathy,>20 suggesting
that the underlying mechanisms may be different. These studies also showed that the
cardiomyocyte specific canonical and non-canonical TGFp signaling behave differently in
response to pressure overload versus ischemia reperfusion injury.1%2% These data are
buttressed by more recent studies that suggest fibroblast-specific canonical TGFp signaling
through SMADS activation behaves differently in response to TAC and versus ischemia/
reperfusion injury.21:26 because of these potential differences, and in contrast to these prior,
acutely induced fibrotic processes, we wished to determine the role TBRII plays in the
myofibroblast, but using a genetically-induced, chronic model of cardiomyopathy that
undergoes fibrosis over a period of weeks or even months.

TGFis an important cytokine in mediating cardiac fibrosis but may have different roles in the
cardiac fibroblast and cardiomyocyte populations and those actions may be cardiac disease-
specific and vary over time in the developing disease.>20 In the current study, we used a
tamoxifen (TAM) inducible myofibroblast-specific Cre recombinase expressing allelel?:21.22
(Postnmcem) to create Tg lines in which TERII could be ablated specifically in the
myofibroblast population at early or late times of disease. We crossed these mice into a
mouse model that inducibly expressed the pathogenic Mybpc3*kDa gllele that generates a
unique state of chronic fibrotic disease over time.11 When the mutant peptide is expressed in
cardiomyocytes, cardiac disease accompanied by fibrosis gradually develops.1! We used
these genetic approaches to establish a causal role for excessive myofibroblast activation in
this slowly progressive form of genetic cardiomyopathy, a disease that is driven by a
cardiomyocyte-intrinsic genetic perturbation and models an important human disease. The
importance of myofibroblast TGFp signaling in mediating a fibrotic response to a
sarcomere-based, slowly developing cardiac disease could thus be assessed over time and
signaling ablation initiated at different times as well. The data show that continued TGFp
signaling is needed to maintain the degree of fibrosis observed when the ablation was
initiated.

METHODS

All supporting data are available within the article.

Animals.—The double transgenic (Dtg) system that allows inducible expression of the
40kDa MyBP-C peptide in cardiomyocytes has been described.11:27 All crosses were carried
out and maintained in the FVB/N background unless otherwise noted.!! Briefly, the driver
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construct (a. myosin heavy chain-tetracycline transactivator) was bred with the responder
construct that encodes the 40kDa fragment of cMyBP-C. Mybpc3%9kD expression is induced
by withdrawal of doxycycline from the chow. To generate the quadruple compound Tg mice,
the Mybpc3*%%Pa Dtg mice were further bred with mice in which a Mer-Cre-Mer cDNA was
inserted into the Postn (periostin) genetic locus (Postnmem). Those mice were subsequently
bred into Tgfbr2 floxed ( Tgfbr2” or r27% mice.1517 The Tyfbr2floxed and the Postnmcm
mice were originally made on the C57/B6 background but backcrossed onto the FVB/N
background for at least 5 and predominantly 7 generations for the study cohorts. In previous,
unpublished studies with the Mybpc3#kPa Dtg mice when they were first derived, no gender
differences could be detected in terms of pathological remodeling, cardiac function or
survival. However, to decrease the total number of mice needed to adequately power the
study, only male mice were used except for the final probability of survival curves. To
activate Postnmem in myofibroblasts, mice were fed TAM-citrate chow (40 mg/kg body
weight, Envigo-TD.130860). For each genotype, each mouse was given a random number,
and divided into a control (odd) or TAM (even) group randomly independently of the
investigator. Animals were handled in accordance with the principles and procedures of the
Guide for the Care and Use of Laboratory Animals. All proposed procedures were approved
by the Institutional Animal Care and Use Committee at Cincinnati Children’s Hospital.

Antibodies and other reagents.—Antibody for (anti-) TGFp was from Cell signaling
(#3711; 1:500 dilution for Western blot). Anti-BMP7 was from Abcam (ab56023; 1:1000
dilution for Western blot). Anti-TGFpRII was from Abcam (ab61213; 1:500 dilution for
Western blot). Anti-SMAD3 was from Abcam (ab28379; 1:1000 dilution for Western blot).
Anti-phospho-SMAD3 (Ser423/425) was from Cell signaling (#9520; 1:1000 dilution for
Western blot). Anti-phospho-SMADZ2/3 was from Maine Medical Center Research Institute
(D6658; 1:500 dilution for immunofluorescence staining, paraffin section). Anti-
SMAD1/5/9 was from Abcam (ab66737; 1:1000 dilution for Western blot). Anti-phospho-
SMAD1/5/9 was from Cell Signaling (# 9511; 1:1000 dilution for Western blot). Anti-TAK1
was from Abcam (ab109526; 1:500 dilution for Western blot). Anti-phospho-TAK1 (S412)
was from Cell Signaling (#9339; 1:500 dilution for Western blot). Anti-p38 was from Cell
Signaling (#9212; 1:1000 dilution for Western blot). Anti-phospho-p38 was from Cell
Signaling (#9211; 1:1000 dilution for Western blot). Anti-Myc tag (clone 9E10) was from
EMD Millipore (05-419; 1: 1000 dilution for Western blot). Antibody for smooth muscle a
actin (-SMA, clone 1A4) was from Sigma-Aldrich (A5228; 1:1000 dilution for Western
blot). Anti-troponin | was from EMD Millipore (MAB1691; 1:1000 dilution for
immunofluorescence staining, paraffin section). Anti-GAPDH antibody was from EMD
Millipore (MAB374, 1:10,000 dilution for Western blot). Wheat germ agglutinin (488) was
from ThermoFisher (W11261; 5ug/ml for immunofluorescence staining, paraffin sections).

Histology and immunofluorescent histochemistry.—Hearts were fixed in 10%
formalin overnight, and then subjected to a graded series of alcohol dehydrations before
being embedded in paraffin blocks for histology. Serial 5-micron sections were collected and
subjected to either Masson’s trichrome or immunofluorescent staining. For Masson’s
trichrome staining,5 images per heart were acquired using Olympus BX69 microscope with
NIS elements software. The percentage of the blue areas was quantitated as the fibrotic
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levels using ImageJ (NIH). For immunofluorescent analyses, antigen retrieval was
performed to unmask epitopes. Specifically, deparaffinized sections were boiled in the
microwave in 10mM sodium citrate (pH 6.0) buffer for 25 minutes. To validate the
specificity of antibodies, a heart section with ischemic/reperfusion was employed as positive
control, and a secondary antibody-only section was used as the negative control. Images
were acquired using an inverted Nikon A1R confocal microscope equipped with NIS
Elements AR 4.13 software. Cardiomyocyte size was determined by wheat germ agglutinin
staining. Ten fields per heart were imaged and >1000 cells were quantitated using NIS-
Elements software (Nikon). Identities of the paraffin block were blocked to the investigator
prior to quantification.

RNA extraction, western blots and hydroxyproline assay.—mRNA was isolated
from whole heart or isolated cells using RNAzol-RT reagent (Molecular Research Center)
following the manufacturer’s protocol. cDNA was generated using iScript cDNA synthesis
kit (Bio-Rad) following the manufacturer’s protocol. Protein was isolated from whole heart
or isolated cells using CellLytic Cell Lysis buffer (Sigma) with protease inhibitor and
phosphatase inhibitor cocktail (Roche Diagnostics) following the manufacturer’s protocol.
Equal amounts of protein were analyzed via SDS gel electrophoresis and Western blots.
Hydroxyproline content in left and right ventricular tissue was determined as a measure of
fibrosis as described.28

Fibroblast isolation.—Adult murine cardiomyocytes and cardiac fibroblasts were
isolated as described previously.17-23 Briefly, beating hearts isolated from anesthetized mice
were perfused with modified Tyrode solution supplemented with collagenase 11
(Worthington). The cardiomyocyte and non-cardiomyocyte fractions were collected after
perfusion. To isolate cardiac fibroblasts, endothelial (CD31+) and myeloid (CD45+) cell
fractions were sorted from the non-cardiomyocyte fraction using the Magnetic Cell Isolation
and Cell Separation kit (Miltenyi Biotec) according to the manufacturer’s instructions with
antibodies against CD31 (Miltenyi Biotec 130-097-418) and CD45 (Miltenyi Biotec 130-
052-301) as described.1’

Cardiac function.—One percent isoflurane-anesthetized mice were subjected to 2D
guided M-mode echocardiography. Left ventricular function was determined using a
VisualSonics Vevo 2100 Imaging System with a 40-MHz transducer as described.12:29 All
data were obtained by personnel who were blinded as to genotype and treatment.

Statistical analyses.—Data are expressed as mean+SEM unless otherwise stated. MRNA
and protein expression levels were normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). A linear transformation was performed to set the result of control
group (usually Ntg without TAM chow) to 1, by dividing each group with the average
obtained for their control group. Shapiro-Wilk and Brown-Forsythe tests were performed to
examine data normality and variance equality using SigmaPlot VV13. The number of mice
needed to meet the statistical power (p=0.8) was also calculated using SigmaPlot V13. The
following tests were performed using Graphpad (Prism 7). Student’s t-test was performed
for two group comparisons. A paired t-test was performed to determine the significance of
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fractional shortening changes of the same mouse before and after tamoxifen chow treatment.
One-way ANOVA with Tukey’s post hoc analysis was performed for multiple group
comparisons as well as to determine the adjusted P value between group comparisons.
Kaplan-Meier curves using the Log-rank test were generated to detect changes in survival
probabilities. Between group differences were determined using the Holm-Sidak post hoc
test. Statistical significance was defined as */<0.05, **/<0.01, ***~<0.001.

TGFB signaling is activated in the Mybpc340kPa Tg hearts.

To obtain a profile of fibrotic and TGF signaling in the Mybpc3*kDa hearts, we analyzed
RNA derived from 4-month-old, Mybpc3*%kDéexpressing hearts using the TGF Signaling
Targets RT2 Profiler PCR Array (Qiagen) (Online Supplement, Table I). At this stage,
significant cardiac fibrosis is already apparent.11 We observed that expression of the TGFp
ligands, TGFp2 and TGFR3, was significantly induced (Figure 1A). Induction of TGFp
expression was confirmed using Western blots (Online Supplement Figure 1A).

Once a TGFp ligand binds to its heterodimeric receptor complex, TBRI and TBRII, the
downstream SMAD-dependent (canonical) and/or SMAD-independent (non-canonical)
signaling cascades are activated.3? While SMAD2 and SMAD3 can sometimes be
functionally interchangeable,31-36 other data suggest that SMAD3 is a more dedicated
effector of TGFB signaling during cardiac fibrosis.1>21 Hence here we used SMAD3
activation as an indicator of canonical TGFp signaling. The ratio of the phosphorylated (p)
form versus total (t) SMAD3 protein was determined by Western blot (Figure 1B and1C),
showing that p-SMAD3 was significantly increased in the Myhpc3*kDa hearts compared
with controls. p-SMAD3 was dramatically increased in the Mybpc3#%kPa hearts. Since non-
canonical TAK1-p38 signaling can also signal during cardiac fibrosis, 1522 we determined
activated (phosphorylated) (p)-TAKL1 levels, which were also significantly upregulated in
Mybpc3*kDa hearts (Figure 1D and1E). The activation of p38, which is known as a critical
TAK1 downstream target in mediating fibrosis3’-38 was also examined. Phosphorylated (p) -
p38 was significantly upregulated in Mybpc3*kDa hearts compared with controls (Online
Supplement Figure IB). The relative increase in p-SMAD2/3 was also detected using
immunostaining. Co-immunostaining to detect the affected cell types suggested that the
TGFp signaling was activated in both cardiomyocytes and non-cardiomyocytes (Figure 1F).

BMP7 signaling antagonizes TGFp signaling through p-SMAD1/5/9.14.16:39 As fibrosis
occurs and progresses, the relative activities of TGFp and BMP7 signaling can play a
significant role in modulating cardiac fibrosis.1®16 We examined BMP7 mRNA expression
in the Mybpc3#0kDa hearts and found that it was significantly reduced 3 months after
Mybpc3*kDa expression was initiated (Figure 2A). The reduction of BMP7 was also
confirmed via Western blot (Figure 2B). The expression level of another member of the
BMP subfamily, BMP4, was also examined but was not changed (Online Supplement Figure
I1), suggesting that reduced BMP expression was restricted to specific members of the BMP
family.
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We further analyzed downstream BMP7 signaling through p-SMAD1/5/9. Using
phosphorylated (p)-SMAD1/5/9 versus total (t)-SMAD1/5/9 as an indicator, SMAD1/5/9
signaling was also significantly reduced in the Tg mice heart 3 months after Mybpc3#0kDa
expression (Figure 2C).

Fibrotic marker expression is upregulated in the Mybpc34°kDa Tg heart.

We also detected increased RNA expression encoding fibrosis related proteins including
connective tissue growth factor, matrix metalloproteinase-14 and tissue inhibitor of
metalloproteinase-1 in the Tg hearts 3 months after Myhpc3*kDa expression was induced
(Figure 3A). We confirmed activation of the transgene using Western blots to detect
expression of the c-Myc-tagged Mybpc340kPa protein (Figure 3B). We also examined the
expression of smooth muscle a actin (a-SMA,) a critical myofibroblast marker during the
fibroblast to myofibroblast transformation,? and noted a two-fold induction of expression as
early as 2 months after Mybpc3*0kDz expression (Figure 3B and 3C).

The extracellular protein periostin is secreted by the activated fibroblasts during fibrosis and
is also recognized as an important marker for fibroblast to myofibroblast conversion.*! The
induction of periostin expression could be detected in the Tg hearts as early as one month
after Mybpc3*kDa expression was initiated (Figure 3D and 3E). By 4 months, periostin
could be easily detected both in the perivascular and interstitial space using
immunohistochemical staining (Figure 3F).

Myofibroblast specific ablation of Tgfbr2 blocks TGF signaling in the activated
fibroblasts.

We next examined if we could partially or even completely block fibrosis in the
Mybpc3*9kDa hearts by interfering with TGF signaling exclusively within the
myofibroblast population. The double-Tg Mybpc3#kPa responder mice were crossed to
mice containing the TAM-inducible Mer-Cre-Mer cDNA driven off of the myofibroblast-
specific Postn (Postnmcm) genetic locus as previously described.1” These triple Tg animals
were then bred into 7gfbr2 floxed animals (72715 to generate quadruple compound Tg mice
(Mybpc?OKDa/postnmem/r27. To control for even the small chance of a potential impact of
mixed strain backgrounds even after >5+ generations of backcrossing into the FVB/N
background, the quadruple 7gfbr2 heterozygous compound Tg mice (Mybpc?0kDay
Postnmemy/r27*) were included in a control cohort in all subsequent experiments.

To specifically ablate 7gfbr2in the myofibroblasts, mice were given TAM-supplemented
chow one month after induction of the 40kDa fragment in the cardiomyocytes (Figure 4A).
At this stage, the fibrotic response was in its early stages with periostin induction (Figure 3D
and 3E). To determine Tgfbr2ablation efficiency, cardiac fibroblasts were isolated 4 months
after TAM feeding began and expression of the RNA determined. We detected a significant
increase of TBRII expression in the fibroblasts isolated from Mybpc39kPa hearts but, in the
compound quadruple Mybpc*KDPa/postnmem/r27f Tg TAM-fed mice, TBRII was
significantly reduced (Figure 4B). As it is known that TBRI and TBRII form heterodimers to
mediate TGFp signaling, TBRI expression was also measured. While it was modestly
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upregulated in the Mybpc3*kDa hearts, no significant differences in TBRI expression were
detected between the TAM fed and control groups (Online Supplement Figure I11A).

We also examined the efficiency of ablation in the isolated cardiac fibroblasts derived from
the quadruple Mybpc?KPa/pPostnmemy/r2”f Tg TAM-fed mice. TBRII protein was reduced
approximately 80% in the targeted myofibroblasts (Figure 4C). Along with TBRII depletion,
expression of the fibrosis markers, a-SMA and periostin, was also significantly reduced,
suggesting that fibrotic signaling was inhibited. Consistent with these data, p-SMAD3 was
also decreased (Figure 4D) while p-SMAD1/5/9, was up-regulated (Figure 4E). TAK1
activation was also determined but was not statistically different between the experimental
groups (Online Supplement Figure 111B).

Myofibroblast specific ablation of Tgfbr2 decreases cardiac fibrosis and hypertrophy.

Tofbr2 myofibroblast ablation had no effect on cardiac levels of Mybpc340KPa (Online
Supplement Figure IVA). We also explored any detrimental effects that tamoxifen feeding
might have with respect to sarcomere structure and organization but no obvious changes or
pathology using immunohistochemical analyses were detected (Online Supplement Figure
IVB), although some hemodynamic effects on the Ntg mice were later noted (Figure 7C).

To rule out any potential confounding data induced by the cell type-specific isolations used
in the above experiments, we also determined the effects, if any, of 7gfbr2 gene dosage on
the signaling pathways in the intact heart and quantified p-SMAD3 and p-SMAD1/5/9 levels
in 4-5-month-old Mybpc39kDa hearts. p-SMAD3 was significantly induced after 4-5
months, but was inhibited by myoblast-specific 7gfbr2ablation, although both alleles
needed to be ablated for the levels to approach those observed in the Ntg animals (Figure
5A). p-SMAD1/5/9 anti-fibrotic signaling was significantly up-regulated in the 7gfor2
ablated Mybpc39kDa hearts. These data are consistent with a significant decrease of TGF
expression and increased BMP7 expression in the myofibroblast-specific 7gfbr2ablated
Mybpc3*kDa hearts (Online Supplement Figure IVC and IVD). We were not able to detect
significant activation of the non-canonical signaling pathway as represented by TAK1-p38
signaling (Online Supplement Figure IVE and IVF), suggesting that this pathway may not
be active after fibrosis is established in the model. This is consistent with our previous study
that non-canonical TGFp signaling is activated early during fibrosis but is diminished later
in the Mybpc340KDPa hearts 11 Consistent with decreased pro-fibrotic signaling, a-SMA and
periostin expression levels were also decreased in the Tgfbr2ablated Mybpc3*0kPa hearts
(Figure 5B). Trichrome stained sections derived from the left ventricles (Figure 5C) and the
hydroxyproline assay (Online Supplement Figure VA) confirmed that fibrosis was
significantly reduced in the Tgfbr2ablated Mybpc3*kD2 hearts relative to the non-ablated,
normal chow-fed control mice. Masson’s trichrome staining of the right ventricles from
Tofbr2 ablated Mybpc3*9kDa hearts also confirmed decreased fibrosis relative to the control
group (Online Supplement Figure VC and VD).

Previous data suggest that the fibroblast is essential for cardiac hypertrophy in response to
pressure overload.1® Therefore, we determined whether myofibroblast-specific 7gfbr2
ablation impacted on the slowly developing hypertrophic response observed in hearts that
expressed Mybpc340kDa protein over a 3—-4 month period. Heart weight to body weight ratios
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were measured as an indicator of cardiac hypertrophy (Figure 6A). Compared to the 6-
month-old Ntg control group, Mybpc3*%%Pa heart weights were significantly increased, but
the rise was reduced in the myofibroblast specific 7gfbr2 ablated homozygotes compared to
Mybpc3*kDa_gxpressing (Dtg) hearts as well as myofibroblast specific 7gfbr2 ablated
heterozygotes (r27*). Cardiomyocyte size was determined directly using wheat germ
agglutinin staining in histological sections from the left ventricles (Figure 6B and Online
Supplement Figure VB) and right ventricles as well (Online Supplement Figure VE and
VF). Myofibroblast 7gfbr2ablation resulted in significantly reduced hypertrophy to levels
observed in the Ntg hearts. Along with alleviated cardiac hypertrophy, expression of
molecular markers of the hypertrophic response, natriuretic peptide A and natriuretic peptide
B were determined for the Ntg, Dtg, myofibroblast specific 7gfbr2 ablated heterozygotes
and homozygotes. Only the myofibroblast specific 7gfbr2homozygotes showed a
significant reduction of natriuretic peptide A and natriuretic peptide B, essentially to normal
level (Figure 6C).

Myofibroblast specific ablation of Tgfbr2 preserves cardiac function and prolongs survival.

To determine the impact of myofibroblast specific 7gfbr2ablation on cardiac function,
transmural echocardiography was performed at both 2 months (Online Supplement Figure
VIA, VIB and VIC) and 6 months (Figure 7A, 7B and 7C) of age using echocardiography.
As expected, Mybpc340kDa protein expression over this time span resulted in impaired
systolic and diastolic function, the former determined by left ventricular (LV) fractional
shortening (FS) and ejection fraction (EF) and the latter by reverse longitudinal strain rate,
an index of early diastolic LV filling.#2 Longitudinal fractional shortening (FS) assessment
for each mouse in the Mybpc?KDé/postnmemy/r27f groups demonstrated that myofibroblast-
specific Tgfb2ablation attenuated the decreased FS that is normally observed in the
Mybpc3*%%Pa mice (Online Supplement Figure VID). Plotting FS versus fibrosis
percentages identified a moderate negative correlation between the degree of cardiac fibrosis
and FS, with the Pearson correlation coefficient = —0.64 and RZ = 0.73 (Online Supplement
Figure VIE). Finally, Kaplan-Meier survival probabilities were determined for all mice in
the different experimental cohorts. The data confirmed that ablation of 7gfbr2in the
myofibroblasts positively impacted on lifespan for more than a year, restoring the
probability of survival to essentially those values observed in the Ntg animals (Figure 7D).

Myofibroblast specific ablation of Tgfbr2 reduces pre-existing fibrosis.

Clearly, myofibroblast-specific ablation of TGFp signaling early in pathogenesis could
significantly reduce the fibrotic response and largely prevent cardiac fibrosis from occurring
in the face of a chronic, sarcomere-based genetic insult such as Mybpc3*9kPa cardiomyocyte
expression. We wished to determine if a late stage gene ablation of 7gfbr2in the
myofibroblasts affected fibrosis or cardiac function. After approximately 4 months of
Mybpc3*9kPa cardiomyocyte expression (the mice are 5 months old at this point), there is
approximately 20% fibrosis, as determined in our previous study.12 At this stage, mild
systolic dysfunction presents (Figure 8A), while diastolic function is unaffected (Online
Supplement Figure VIIA). Ntg and quadruple Mybpc®KP2/postnmem/r2”f mice were fed
with regular or TAM chow beginning 4 months after Mybpc340kDa expression. After 3
months on TAM chow, TBRII protein was reduced >60% in the isolated fibroblasts and
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active p-Smad3 levels were also significantly decreased (Online Supplement Figure VIIB
and VIIC, respectively). Although the trend was for TGF to be decreased and anti-fibrotic
BMP?7 levels increased in the TAM-fed heart lysates relative to hearts derived from the
normal chow fed animals, the values did not reach statistical significance (Online
Supplement Figure VIID).

Cardiac fibrosis was quantitated in Mybpc?OKkPa/postnmem/r2*/* (fed normal chow) and
Mybpc?PKPa/postnmeny/r2f (fed TAM chow) groups using both trichrome staining (Figure
8B) and the hydroxyproline assay (Online Supplement Figure VIIIA). Trichrome staining of
fibrotic areas was significantly reduced by >50% and hydroxyproline by >75% in the 7gfbr2
ablated group. To assess the possibility of fibrotic regression, we also compared the TAM
chow-fed mice to previously obtained data from the Mybpc4%kP2 mice, in which fibrosis was
quantified after 4 months of Mybpc#0kP2 expression (5 month-old mice).12 Compared to
these historical controls, trichrome staining of fibrotic areas in the 8-month-old TAM chow-
fed mice was reduced by >50%.

Cardiac hypertrophy was examined in the Mybpc*?KPa/postnmemy/r2™/* (fed normal chow)
and Mybpc?OKDa/postnmemy/r27f (fed TAM chow) groups but there was no significant
improvement in the heart weight/body weight ratios (Figure 8C) or decrease in
cardiomyocyte size (Online Supplement Figure VIIIB and C). Molecular markers of the
hypertrophic response were also examined but we only detected a slight reduction in atrial
natriuretic peptide A and no change in atrial natriuretic peptide B (Online Supplement
Figure VIIID). The reduction in fibrosis did not rescue the established cardiac hypertrophy
but cardiac function was preserved from further decline in the 7gfbr2ablated group (Figure
8D and Online Supplement Figure VVIIIE). A moderate negative correlation between FS and
the degree of fibrosis was apparent (Online Supplement Figure VIIIF). Kaplan-Meier
survival curves were also determined for the two experimental groups, as well as for two Ntg
group fed, or not fed TAM-supplemented chow and showed that myofibroblast-specific
Tgfbr2 ablation even after cardiac fibrosis was established increased the probability of
survival in Mybpc3*kDa mice (Figure 8E).

DISCUSSION

A number of structure function studies have centered on mutations in cMyBP-C,1143 in
which a substantial minority of the mutations causative for human familial hypertrophic
cardiomyopathy are found.** Those studies led to the finding that an N-terminal fragment of
cMyBP-C is found at high levels in human heart failure, is stable, and intercalates into the
sarcomere.811 A characteristic of cMyBP-C-based disease is extensive interstitial and
perivascular fibrosis and so, we selected this cardiomyocyte-based disease to understand
how fibroblast-specific signaling pathways might intersect with and impact upon the chronic
fibrotic response induced by cardiomyocyte-specific expression of a pathogenic sarcomere
peptide.

Although we have been able to effectively manipulate genetic output in the cardiomyocyte
using cell type specific promoters2’-4% we have lacked the molecular and genetic tools to
directly manipulate and study the fibroblast’s genetic output and contribution to cardiac
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disease. With the development of the myofibroblast-specific Postn (Postnmcm) genetic locus
for driving expression of a tamoxifen inducible Cre allele, it has become possible to directly
affect the genetic output of the activated fibroblast both during the induction and early
phases of fibrosis.17-21:22 Thus it is now feasible to explore the consequences of activated
fibroblast signaling in the context of the whole heart.

Using these inducible genetic systems, we were able to determine the effects of TGFp
signaling in the myofibroblasts and importantly, at different points in developing cardiac
disease. Other than the fibroblasts’ role in the elaboration of the extracellular matrix and
production of collagen, there is a remarkable lack of data and understanding as to if and how
the cells themselves contribute to cardiac disease. Rather, a majority of investigations have
been directed at the other cell types in the heart, and particularly, for the familial
hypertrophic cardiomyopathies, at the cardiomyocyte, as the bulk of causative mutations lie
within the genes that encode the sarcomeric proteins.#® It should be noted that the inducible
system used requires the use of TAM, which can be toxic and, although we noted no overt
changes in sarcomere structure (Supplemental Figure 1VB), Ntg mice fed a TAM
supplemented diet did experience a statistically significant decrease in the reverse peak
longitudinal strain rate (Figure 7C). As a TAM supplemented diet was needed for gene
ablation, this raises the possibility that the actual degree of functional protection might be
greater than the data we were able to obtain show, as some tamoxifen toxicity might have
occurred in the treated cohort.

The studies described in this manuscript are directed at understanding and identifying the
important signaling pathways within fibroblasts that mediate the development as well the
maintenance of longstanding fibrosis in chronic, long term genetically-induced, sarcomere-
based cardiac disease. It is important to define the fibrotic consequences of these signaling
pathways in the different cardiac cell types as the opposing actions of myofibroblast versus
cardiomyocyte SMAD3 signaling have recently been demonstrated in a mouse cardiac
infarct model.21.26 TGFp signaling is efficiently blunted in the myofibroblasts by the
TgfbrZ's ablation and, despite continuous cardiomyocyte-based expression of the primary
genetic insult, materially reduced the pathogenic sequelae and significantly increased
survival for more than a year. Our study is consistent with recent data showing that fibroblast
ablation of the TGFp receptors alleviated cardiac fibrosis, reduced cardiac hypertrophy, and
preserved cardiac function after surgically induced pressure overload.2! Extending those
data, we now show that 7gfbr2ablation by itself in the myofibroblast effectively shuts down
a pathogenic fibrotic response that normally is triggered during chronic expression of a
cardiomyocyte-based pathogenic sarcomeric peptide. We also showed that inducing ablation
of TGFp signaling in the context of established cardiac fibrosis resulted in a significant
regression of the fibrotic areas, conserved function and increased survival. These data are
consistent with the hypothesis that TGFp signaling is necessary for the maintenance of
fibrosis in the context of this particular disease. These data complement a previous study,
which showed that a percentage of cardiac myofibroblasts can convert back to a resident
fibroblast program when cardiac stress is removed.1’

TGFp signaling has many diverse functions in different cell types and, despite the receptor’s
ablation at a controlled developmental time in a defined cell type, we cannot rule out off-
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target effects that might ultimately affect cardiac function. For example, preliminary surveys
indicated the possibility of an altered immune response that might, over a period of time,
affect overall cardiovascular health but rigorous exploration of these potential confounding
physiological responses will necessarily be the focus of future, more comprehensive studies.
Another, potential limitation of this work is that it does not directly measure the number of
fibroblasts in the different hearts and so, we are unable to rule out decreased fibroblast
expansion over time in the prolonged longitudinal studies. But the functional consequences
of Tgfbr2are clear in terms of the impact on fibrosis.

We now extend the importance of myofibroblast signaling in the cardiac pathogenic
response to a sarcomere-based, chronic genetic stimulus, the presence of the pathogenic
MyBP-C 40kDa fragment. Because of TGF’s involvement in so many fundamental
processes, the downstream signal transducers are subject to many potential confounding
effects. The need for precise cell type- and temporal control of reductionist gain- and loss-of
function studies is underscored by conflicting data on the importance of the different
pathways in mediating fibrosis and the cell populations that drive the process. For example,
different laboratories have come to different conclusions regarding the necessity or
sufficiency of canonical signaling through the SMADs being needed’ or not for fibrosis.*8
Our data use myofibroblast specific loss of function at different times in order to determine
the role of this cell type and the necessity of a pathway in the initiation and maintenance of
fibrosis. Studies using timed interventions at precise points in the different cardiac cell types
after a signaling pathway’s inactivation will be needed in order to more fully understand the
complex cell-cell interactions that occur during cardiac fibrosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BMP bone morphogenetic protein

cMyBP-C cardiac myosin binding protein C

Dtg double transgenic

Mybpc3 cardiac myosin binding protein C gene

GAPDH glyceraldehyde 3-phosphate dehydrogenase protein
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Mybpc340kba 40kDa fragment of cMyBP-C
Ntg Nontransgenic
Postnmem periostin allele driving tamoxifen inducible Cre
recombinase expression
a-SMA smooth muscle a actin
p-SMAD Phosphorylated (activated) SMAD
p-TAK1 Phosphorylated (activated) TGFp-activated kinase 1
TAM tamoxifen
Tg transgenic
TGFB transforming growth factor-p
TBRI TGFp receptor | protein
TRRII TGFp receptor Il protein
Tofbr2 TGFp receptor Il gene
Tgfbr2f/f floxed TGFp receptor 11 gene
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NOVELTY AND SIGNIFICANCE
What Is Known?

. During the development of cardiac disease, fibrosis can contribute to the
developing pathology and activation of cardiac Transforming Growth Factor
beta (TGFB) plays an important role in these processes.

. Targeting fibroblast or myofibroblast specific TGFf signaling reduces cardiac
pathogenic fibrosis in surgically induced myocardial infarction or pressure-
overload rodent models

What New Information Does This Article Contribute?

. Using a chronic, genetically induced model of cardiac disease and fibrosis
induced by cardiomyocyte-specific expression of a cardiac myosin binding
protein C fragment, we ablated TGFp signaling only in the myofibroblasts
and showed that TGFp signaling in that cell type is necessary for fibrosis to
occur.

. By inducing and then later ablating myofibroblast-based, TGFp signaling
after fibrosis was established, we demonstrated that TGFp signaling is
required for myofibroblast and fibrotic maintenance, as fibrosis could be
partially reversed if TGFp signaling was stopped after extensive fibrosis had
occurred.

Cardiac myosin binding protein C (cMyBP-C) mutations are responsible for
approximately 30% of genetically identified cardiomyopathies in human patients. As
many of the mutations result in truncated protein, the pathology is often ascribed to
haploinsufficiency but in some circumstances, the protein fragment is stable and can act
as a poison peptide. Previously, we identified a cMyBP-C 40KDa protein fragment
derived from the n amino-terminus. The fragment was present in human heart failure and,
when expressed specifically in cardiomyocytes in the mouse heart, caused cardiac
disease, fibrosis and eventual heart failure. Using cardiomyocyte-specific, inducible
transgenesis, expression of the mutant peptide could be induced or inactivated by
pharmacological means and we used this system to explore the cell-specific necessity of
TGFp signaling in cardiac fibrosis, by breeding these mice to mice in which we could
inducibly ablate a protein critical for TGFp activation, TGFp receptor Il specifically in
activated myofibroblasts. This genetic approach allowed us to explore the consequences
of specifically ablating TGFp signaling in the myofibroblast during fibrosis to understand
the pathway’s role in fibrotic processes initiated by changes in the cardiomyocyte. We
discovered that, in a chronic genetic model of cardiomyocyte-based disease,
myofibroblast-restricted signaling is essential for both the initiation and maintenance of
pathogenic fibrosis.
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Figure 1. TGFp signaling is activated in Mybpc:%40kDa hearts.
A, RNA levels were determined via quantitative RT-PCR for TGF ligands and receptors in

nontransgenic (Ntg)- and Mybpc3*0kDa_expressing (Dtg) heart lysates. TGFB receptor | and
I1 (TBRI and TRRII, respectively), n=3. B, Activation of SMAD3 signaling was detected
using Western blot analyses of total cardiac protein. C, The ratio of phosphorylated (p)-
SMADZ3 to total (t)-SMAD3 was determined from the Western blot, n=4. D, TAK1 levels
were determined using Western blot analyses of total cardiac protein. E, The ratio of
phosphorylated (p)-TAK1 to total (t)-TAK1 was determined from the Western blot, n=6. F,
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Immunostaining for p-SMAD2/3 (green) in Ntg and Dtg heart sections derived from the left
ventricles. DAPI (blue) was used to detect nuclei and troponin | (red) identified
cardiomyocytes. White arrow: p-SMADZ2/3 positive cardiomyocyte; yellow arrowhead: p-
SMADS3 positive non-cardiomyocyte. Scale bar: 25 um. Data normalization and between
group differences analysis were performed as described in Methods. */<0.05, **/<0.01.
All samples were derived from 4-month-old mice (3 months after withdrawal of doxycycline
to activate Mybpc340kDa protein expression).
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Figure 2. BMP7 signaling is inhibited in Mybpc c340kDa hearts, Samples were derived from 4-
month-old nontransgenic (Ntg)- and Mybpc3 OkDa, -expressing (Dtg) hearts treated as described
in Figure 1.

A, Reduced expression of BMP7 was detected in Dtg hearts using quantitative RT-PCR and
B, Western blot after Mybpc340kDa protein expression for 3 months. C, Decreased
SMAD1/5/9 signaling was detected using Western blot analyses of total cardiac protein. The
ratio of phosphorylated (p)-SMAD1/5/9 to total (t)-SMAD1/5/9 was determined from the
Western blot. A bracket, where present, indicates the area used for quantitation. Data
normalization and between group differences analysis were performed as described in
Methods. n=4, *P<0.05, **~<0.01.
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Figure 3. Expression of fibrotic markers in Mybpc340kDa-expressing (Dtg) hearts.
A, Quantitative RT-PCR analysis of selected fibrotic markers in control (Ntg) and Dtg heart

lysates after 3 months of Mybpc34%kDa protein expression, which was induced at 1 month by
withdrawal of doxycycline from the chow, n=3. Connective tissue growth factor, matrix
metalloproteinase-14 and tissue inhibitor of metalloproteinase-1 (Ctgf, Mmp14 and Timp1,
respectively). B, Western blot analysis confirmed expression of the c-Myc-tagged
Mybpc3*%%Pa protein. Increased expression of smooth muscle a actin (a-SMA) was also
detected in Western blot analyses of total cardiac protein. C, Quantitation of a-SMA from
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the Western blot. Data are expressed as mean + SD, n=4. D, Increased expression of
periostin was detected using Western blot analyses of total cardiac protein. E, Quantitation
of the Western blot. Data are expressed as mean + SD, n=4. A bracket, where present,
indicates the area used for quantitation. F, Periostin (green) in Ntg and Dtg hearts at 4
months of age. Blue, DAPI (nucleic acid); red, troponin | (cardiomyocytes). Scale bar: 100
um. Data normalization and between group differences analysis were performed as
described in Methods. */<0.05, **/<0.01.
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Figure 4. Myofibroblast specific ablation of Tgfbr2 (r2).
A, Schematic diagram of the experimental design. To ablate 7gfbr2in the quadruple Tg

mice, experimental groups were given tamoxifen (TAM) chow for 1 month after transgene
induction at 2 months of age. B, Reduced 2 expression was detected in cardiac fibroblasts
isolated from the Mybpc?kDa/postnmem/r27f mice on TAM chow. One-way ANOVA
analysis with Tukey’s post hoc test, */<0.05, ***/<0.001, compared to the Ntg, no TAM
group; ##p<0.001, between group comparison, n=4. C, Reduced expression of TBRII, a.-
SMA and periostin occurred in cardiac fibroblasts isolated from the Mybpc#0kDay
Postnmen/r2”f mice fed with TAM chow. Between group comparisons, n=4, */<0.05,
**<0.01. D, Reduced p-SMAD3 signaling (n=7) and E, increased p-SMAD1/5/9 signaling
(n=4) were detected in cardiac fibroblasts isolated from the Mybpc?%kP2/pPostnmem/r2f
mice fed with TAM chow. Between group comparison, */<0.05, **£<0.01. Mybpc340kDa
expression was induced at 1 month, Postnmcm was activated at 2 months by feeding TAM
chow, and mice harvested at 6 months of age. Data hormalization was performed as
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described in Methods. Groups were: Ntg; nontransgenic, Dtg; Mybpc3*%kPé_expressing
hearts, Mybpc?okPa postnmemy/r27*, Mybpc3*9kPe postnmemy/ Tgfor2”*, Mybpc#okPay
Postnmem/r2”t; Mybpc3*9kPé/postnmemy/Tgfor2”. A bracket, where present, indicates the
area used for quantitation.
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Figure 5. Myofibroblast specific ablation of Tgfbr2 (r2) reduces cardiac fibrosis in Mybpc340kDa
hearts.

A, Reduced p-SMAD3 signaling and increased p-SMAD1/5/9 signaling B, Reduced
expression of smooth muscle a actin (a-SMA) and periostin were detected in heart lysates
isolated from Mybpc?okPa/postnmemy/r27f mice fed with tamoxifen (TAM) chow compared
to normal chow. n=3 for Ntg groups, n=4 for other groups. A bracket, where present,
indicates the area used for quantitation. C, Representative left ventricle sections subjected to
Masson’s trichrome staining. The Mybpc?okPa/postnmeny/r27* and Mybpc*okDey
Postnmem/r2”f hearts are shown. Scale bar: 10X, 500 um. The degree of fibrosis was
quantitated, n=6 for Ntg groups, n=3 for Dtg groups, n=4 for other groups. One-way
ANOVA analysis with Tukey’s post hoc test, */£<0.05, **P<0.01, ***F<0.001, comparing to
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nontransgenic (Ntg), normal chow group; ##P<0.001, between group comparison. Data
normalization was performed as described in Methods. Mybpc340kD2 expression was
induced at 1 month, Postnmcm was activated at 2 months by feeding TAM chow, and mice
harvested at 6-7 months of age.
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Figure 6. Myofibroblast ablation of Tgfbr2 (r2) decreases Mybpc340kDa-induced cardiac
hypertrophy.

A, Heart weight (HW) to body weight (BW) ratios in the control and experimental cohorts.
Six-month-old nontransgenic (Ntg)- and Mybpc3*0%Pa.expressing (Dtg) hearts were
analyzed as well as heterozygote (27*) and homozygote (r27f) nulls of Tgfbr2crossed into
the Dtg background. Data are expressed as mean + SD, n=4-11. B, Wheat germ agglutinin
(green) staining on samples derived from the left ventricles was used to determine the cross-
sectional area (CSA) of the cardiomyocytes, n=4. Scale bar=50 um. No significant changes
were detected between the TAM-fed Ntg and Mybpc?%kPé| postnmeml r27f groups, adjusted
P=0.9008. C, Natriuretic peptide A and B (Nppa and Nppb, respectively) mRNA expression,
n=4. One-way ANOVA analysis with Tukey’s post hoc test, */~<0.05, **F<0.01,

*** pc(),001comparing the indicated genotypes to the Ntg, no TAM group. #£<0.05,
##p<0.01, ##P<0.001 between group comparison. Whole ventricle lysates were used for
these experiments. Data normalization was performed as described in Methods.

Circ Res. Author manuscript; available in PMC 2019 December 07.

" O No TAM C.,
-l TAM #ith O No TAM . #1913 No TAM ##
_ *kk <40 |l TAM = * ¥ k¥ <8 H TAM s Kk Kk kk
x = =z *
T 2
520 @ ,t
g & a
L I <10} Z,l
il 7 BB Al + BB o L= mim 0 1
Ntg Dtg o7 off Ntg Dtg ,of* ,offf Ntg Dtg ,of+ offf
Mybpc#®Pa/Postnmem MybpcioPa/Postnmem MybpcioPs/Postnmem
No TAM TAM COONOTAM 4 wx —E
o Ll TAM ‘I‘ ¥ fIf
Ntg Dtg o o
Mybpc?*ta/Postnmem



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Meng et al.

A

Page 28

B C

45, O No TAM H TAM 8010No TAM B TAM ., 169 O No TAM H TAM
40 - Rl 704 - 14
@35' *% @60. :I: ** *kok 312- + * #**
9_, 30' + Hkdk Fr c\-._f 50_ —]— % 104
0 25- LL = -
L L 40- ~— 8- w FEE
Z . % o
| 30 Z
10- 20 4
5 10+ 2+
Nii ¢ BEE| © BK o110 6 8 o110 6 8
Ntg r2f* o Ntg 2t o Ntg 2" 2"
Mybpc™a/Postnmem Mybpc™a/Postnmem Mybpciota/Postnmem
D
100 I_Iq = Ntg_No TAM
S 804 1 = Ntg_TAM
g 60- Dtg_No TAM
- . == Dtg TAM
@ 40 —— Mybpc*<02/Postnmem/r2™ No TAM
& 20- == Mybpc**<°2/Postnmem/r2™ _TAM
0 == Mybpc*®©z/Postnmem/r2” No TAM
Days 0 160 260 360 460 == Mybpc*®<Pa/Postnmem/ r2f’f_TAM

Figure 7. Myofibroblast specific ablation of Tgfbr2 (r2) preserves cardiac function and prolongs
Mybpc340k 2 mouse survival.

A-C, Echocardiographic analyses of 6-month-old nontransgenic (Ntg)- and Mybpc3*0kDa.
expressing (Dtg) hearts as well as heterozygote (72*) and homozygote (727 nulls of
Tgfbr2 crossed into the Dtg background. One-way ANOVA analysis with Tukey’s post hoc
test, **A<0.01, ***P<0.001, comparing to Ntg, no tamoxifen (TAM) group; ##P<0.001,
between group comparison, n=6-11. D, Kaplan-Meier survival curve. £<0.0001 using the
Log-rank test, n=7-23; all between group comparisons were performed using the Holm-
Sidak post hoc test, *P<0.05. FS; fractional shortening, EF; ejection fraction, rLSR; reverse
peak longitudinal strain rate.
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Figure 8.
Late stage myofibroblast specific ablation of Tgfbr2 (r2). A, Schematic diagram of the

experiment, the degree of fibrosis in the left ventricle, fractional shortening (FS) and ejection
fractions (EF) at the time of initiating TAM feeding (5 months of age). Nontransgenic (Ntg)
and homozygote (727 nulls of TBRII crossed into the Mybpc3?OkPa.expressing
background. One-way ANOVA analysis with Tukey’s post hoc test, *2<0.05, **/<0.01,
comparing to Ntg, no TAM group. B, Representative Masson’s trichrome staining and
quantitation of Mybpc?kPa/postnmem/r27f hearts after 3 months on the TAM (+) or regular
(=) chow. Scale bar: 10X, 500 pm. */<0.05, between group comparison, n=3. C, Hearts
after 3 months on the TAM (+) or regular (=) chow. The degree of hypertrophy was
measured using heart weight/body weight (HW/BW) ratios. One-way ANOVA analysis with
Tukey’s post hoc test, */<0.05, compared to Ntg, no TAM group, n=4 for the Ntg group,
n=6 for the other groups. D, Echocardiographic analyses of the experimental groups. One-
way ANOVA analysis with Tukey’s post hoc test, ***/£<0.001, comparing to Ntg, no TAM
group; #P<0.05, ##pP<0.001, between group comparison. E, Kaplan-Meier survival curve.
£<0.0001 using the Log-rank test, n=14-16; all between group comparisons were performed
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using the Holm-Sidak post hoc test, */<0.05. FS; fractional shortening, EF; ejection
fraction, rLSR; reverse peak longitudinal strain rate.
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