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HIGHLIGHTS

o SMADA4 is the central intracellular
mediator of TGF-fB pathway.

e CM-specific loss of SMAD4 causes cardiac
dysfunction independent of fibrotic
remodeling.

o Deletion CM-SMAD4 affects CM survival.

e CM-SMAD4 loss leads to down-regulation
of several ion channels' genes, resulting
in cardiac conduction abnormalities.

o CM-SMAD4 deletion alters sarcomere
shortening kinetics, in parallel with
reduction in cardiac myosin-binding pro-
tein C levels.

o These results demonstrate a fundamental
role for CM-SMAD4-dependent TGF-f3
signaling in adult heart homeostasis.
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ABBREVIATIONS
AND ACRONYMS

CM = cardiomyocyte

cMyBP-C = cardiac myosin-
binding protein C

CSA = cross-sectional area
CTL = control

DCM = dilated cardiomyopathy
KO = knockout

LV = left ventricle/ventricular

MAPK = mitogen-activated
protein kinase

MCM = MerCreMer

PI3K = phosphoinositide-3
kinase

RNA-Seq = RNA sequencing

TAK1 = transforming growth
factor beta-activated kinase 1

TAM = tamoxifen

TGF = transforming growth
factor

SUMMARY

eart failure is a major health
problem worldwide. At present,
approximately 6.5 million people
in the United States experience heart failure,
and this number is expected to grow to more
than 8 million by 2030 (1,2). Heart failure has
increased spending on health care services,
resulting in an economic burden of about

$31 billion/year (2). Although diagnosis and treat-
ments have improved, a poor survival rate in heart
failure patients suggests a critical need for research
in cardiac pathophysiology.

SEE PAGE 54

Transforming growth factor (TGF)-B are cytokines
that play pleiotropic roles in a wide range of
cellular processes during embryonic development,
tissue homeostasis, and disease (3,4). The TGF-p su-
perfamily consists of more than 30 ligands that
belong to subfamilies like the TGF-f, bone morpho-
genetic proteins, activins, inhibins, growth differen-
tiation factors, and Nodal and anti-Miillerian
hormones. In canonical TGF-§ signaling, TGF- li-
gands bind to specific Ser/Thr kinase receptors (type I
and type II), which mediate activation of receptor-
specific SMADs. Activated receptor-specific SMADs
form heteromeric complexes with a common
mediator-SMAD, SMAD4. This SMAD complex trans-
locates into the nucleus, where it regulates tran-
scription of various genes via other transcriptional
cofactors (5,6). In addition to SMAD-dependent ca-
nonical signaling, TGF-$ can regulate the activity of
other signaling pathways, such as TGF-f-activated
kinase 1 (TAK1), mitogen-activated protein kinases
(MAPKs), phosphoinositide-3 kinase (PI3K), Ras
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The role of the transforming growth factor (TGF)-f pathway in myocardial fibrosis is well recognized. However,
the precise role of this signaling axis in cardiomyocyte (CM) biology is not defined. In TGF-f signaling, SMAD4 acts
as the central intracellular mediator. To investigate the role of TGF-f signaling in CM biology, the authors deleted
SMAD4 in adult mouse CMs. We demonstrate that CM-SMAD4-dependent TGF-f signaling is critical for main-
taining cardiac function, sarcomere kinetics, ion-channel gene expression, and cardiomyocyte survival. Thus, our
findings raise a significant concern regarding the therapeutic approaches that rely on systemic inhibition of the
TGF-f pathway for the management of myocardial fibrosis. (J Am Coll Cardiol Basic Trans Science 2019;4:41-53)
© 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. Thisis an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

homolog family member A, protein phosphatase 2A,
and nuclear factor kB (7-13). Collectively, these are
referred to as noncanonical or SMAD-independent
pathways. The extent of interactions among these
canonical and noncanonical signaling molecules var-
ies considerably depending on the context, but are
essential to deliver spatially and temporally specific
TGF-f signaling outputs (14).

TGF-Bs are often chronically overexpressed in
diseased hearts and are instrumental in eliciting
multiple, even opposing cellular responses (15-20).
For instance, excessive TGF-f signaling contributes to
cardiac dysfunction in muscular dystrophy, whereas
blockade of TGF-B signaling using neutralizing Abs
(N-Abs) increases left ventricular (LV) dilatation and
mortality after myocardial infarction (21,22). More-
over, disruption of cardiomyocyte (CM) TGF-B
signaling by deletion of the TGF-f receptor mitigates
pressure overload-induced maladaptive remodeling
via noncanonical TAK1 signaling (23). An elegant
study by Kong et al. (24) demonstrated that TGF-§-
SMADS3 signaling activation in cardiac fibroblasts is
required for cardiac repair following myocardial
infarction. Despite studies suggesting the importance
of TGF-P signaling to cardiac pathophysiology, the
exact role of CM canonical TGF-f signaling in cardiac
homeostasis has remained enigmatic.

In the present study, we examined the role of CM
canonical TGF-f signaling in maintaining adult heart
homeostasis. As SMAD4 is a central intracellular
mediator of canonical TGF-f} signaling, we examined
the effects of CM-specific SMAD4 deletion on
cardiac function. A previous study has shown that
CM-specific SMAD4 deletion results in developmental
cardiac defects and embryonic lethality (25). Hence,
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FIGURE 1 Generation and Characterization of CM-Specific SMAD4 KO Mice
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(A) Experimental design showing 10-week-old mice were fed a tamoxifen (TAM) diet for 2 weeks followed by a 4-week wash-out period. T1
and T2 represent time points selected for studies. (B) Representative Western blot and quantification of SMAD4 expression in control (CTL)
and knockout (KO) hearts at 4 weeks after TAM treatment. (C) Representative Western blot quantification of SMAD4 expression in car-
diomyocytes (CMs) isolated from CTL and KO hearts at 4 weeks after TAM treatment. (D) Representative Western blot quantification of
SMAD4 expression in non-CMs isolated from CTL and KO hearts at 4 weeks after TAM treatment. *p = 0.0286, **p = 0.0079. All p values

we designed a model in which SMAD4 is conditionally
deleted in adult mouse CMs using tamoxifen (TAM)-
inducible alpha-myosin heavy chain promoter-driven
Cre recombinase. We report that CM-specific knock-
down of SMAD4 significantly alters the cardiac con-
tractile function at cellular as well as organ level.
Moreover CM-specific SMAD4 deficiency is associated
with a reduction in gene expression of several ion
channels and cardiac conduction abnormalities.
These findings provide the first evidence that
endogenous CM canonical TGF-f signaling is essential
for maintaining adult heart homeostasis.

METHODS

A detailed description of the Methods is provided in
the Supplemental Appendix.

MICE. To achieve conditional deletion of SMAD4
specifically in CM, SMAD4%"f mice (Stock No. 017462,
The Jackson Laboratory, Bar Harbor, Maine) were
crossed with mice carrying the MerCreMer (MCM)
transgene driven by the alpha-myosin heavy chain
promoter (Myh6-Cre*/*) (Stock No. 005657, The
Jackson Laboratory). Further details of generation
and characterization of the CM-specific SMAD4
knockout (KO) mice are described in the Results sec-
tion. The Institutional Animal Care and Use

Committee of Vanderbilt University Medical Center
approved all animal procedures and treatments used
in this study (protocol #M1700133-00).

STATISTICAL ANALYSIS. Analyses were performed
using GraphPad Prism (version 7.02, GraphPad Soft-
ware, La Jolla, California). Differences between 2 data
groups (SMAD4 protein expression, ion-channel gene
expression, morphometric, and electrocardiography
parameters) were evaluated for significance by the
Mann-Whitney test. For comparisons of more than 2
groups (echocardiographic and CM-contractility pa-
rameters, protein expression studies), analysis of
variance followed by Tukey’s multiple comparison
test was applied. All data are expressed as mean +
SEM. For all tests, a p value <0.05 was considered
statistically significant.

RESULTS

GENERATION AND CHARACTERIZATION OF
CM-SPECIFIC SMAD4 KO MICE. To investigate the
role of CM TGF-B signaling in the adult heart, we
generated a mouse model in which SMAD4 is condi-
tionally deleted in CM-specific manner. SMAD4"/f
mice were crossed with Myh6-Cre*/* mice to generate
SMAD4Yficre*’~. Also, Myh6-Cre*/* transgenic mice

were crossed with C57BL/6 mice (Stock No. 000664,
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FIGURE 2 CM-Specific Deletion of SMAD4 Causes Cardiac Dysfunction
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other abbreviations as in Figure 1.

CTL and SMAD4 KO mice underwent baseline transthoracic echocardiographic examination and then were subjected to a TAM treatment for 2 weeks. After
a 4-week wash-out period, mice were then followed with serial echocardiography assessment at the time points shown. (A) Representative images of
serial echocardiographic measurements. (B) Left ventricular internal dimension in diastole (LVID,d). ****p < 0.0001 versus MerCreMer (MCM) group,
**¥p = 0.0008 versus MCM group. (C) LVID in systole (LVID,s). ****p < 0.0001 versus MCM. (D) LV ejection fraction (LVEF). **p = 0.0035 versus MCM
group (time = 4 weeks), **p = 0.0014 versus MCM group, #p = 0.0161 versus CTL group (time = 8 weeks). (E) LV fractional shortening (LVFS). *p =
0.0220 versus MCM group (time = 4 weeks), *p = 0.0184 versus MCM group, ##p = 0.0096 versus CTL (time = 8 weeks). BL = baseline; Wk = weeks;
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FIGURE 3 CM-Specific SMAD4 Deletion Induces Cardiac Remodeling
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Morphometric studies were performed at the end of 8 weeks after TAM treatment. (A) Heart weight (HW) to tibia length (TL). (B) Lung weight (LW) to TL.
(C) Quantification of cardiomyocyte cross-sectional area (CSA). ***p = 0.0002 versus MCM group. (D) Masson's trichome staining. Representative
trichome-stained LV regions. (E) Quantification of LV fibrosis. *p = 0.0165 versus MCM group. Scale bar = 30 pm. Abbreviations as in Figures 1 and 2.

weeks of age, when physiological development is
largely complete, all male mice were placed on a TAM
chow diet (400 mg/kg, TD.130859, Harlan Sprague-
Dawley, Indianapolis, Indiana) for 2 weeks followed

The Jackson Laboratory) to generate Myh6-Cre*/". A
well-established TAM chow diet protocol was used to
induce the CM-specific expression of Cre recombi-
nase, as we previously reported (26,27). Briefly, at 10

FIGURE 4 CM-Specific SMAD4 Deletion Induces Cardiac Remodeling
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Morphometric studies were performed at the end of 4 weeks after TAM treatment. (A) HW to TL. (B) LW to TL. (C) Quantification of cardiomyocyte CSA.
(D) Masson's trichome staining. Representative trichome-stained LV regions. (E) Quantification of LV fibrosis. Scale bar = 30 um. Abbreviations as in

Figures 1 to 3.
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FIGURE 5 CM-Specific SMAD4 Deletion Leads to Cardiac Cell Death
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(A) Representative images show terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive cardiomyocytes from the
CTL and KO hearts. (B) Quantification shows significantly increased number of TUNEL-positive myocytes in KO mice at 8 weeks after TAM
treatment. **p = 0.0069 versus CTL group. Scale bar = 30 um. Abbreviations as in Figures 1 to 3.

by regular chow for an additional 4 weeks (to allow
the clearance of TAM from the mice) (Figure 1A).
SMAD4"%/Cre*/~/TAM mice were the conditional KO
mice, whereas littermates SMAD4%"f/Cre”-/TAM rep-
resented control (CTL) animals. Myh6-Cre*/-/TAM
mice were used as no-flox Cre CTL animals (MCM).
There were no differences in mortality between CTL
and SMAD4 KO mice up to the termination of the
study (i.e., 8 weeks after TAM treatment). Western
blot analysis of LV tissue lysates confirmed that TAM
treatment led to a ~60% reduction in SMAD4 protein
levels in KO (Figure 1B). To confirm CM-specific
SMAD4 deletion, Western blotting was performed
with protein extracted from isolated CMs and non-
myocytes. SMAD4 protein levels were significantly
low (~90% deletion) in CMs, as expected, non-
myocytes displayed no change (Figures 1C and 1D).

CM-SPECIFIC DELETION OF SMAD4 CAUSES
DILATED CARDIOMYOPATHY. We performed serial
M-mode echocardiography to assess the effect of CM-
SMAD4 deletion on cardiac function. Importantly, to
account for any confounding effects of Cre over-
expression or TAM on cardiac function, these critical
controls were also included in the study (Figure 2A,
Supplemental Table 1). At baseline, MCM, CTL, and
SMAD4 KO hearts had comparable chamber di-
mensions and ventricular function. At 4 weeks after

TAM treatment, SMAD4 KO animals had a substantial
increase in LV internal dimension in diastole and
systole in comparison with CTL animals, indicating
dilative remodeling of the LV (Figures 2B and 2C).
These changes were associated with marked LV
dysfunction as reflected by a significant decline in LV
ejection fraction and LV fractional shortening
(Figures 2D and 2E). At 8 weeks after TAM treatment,
MCM displayed a modest but significant reduction in
LV ejection fraction and LV fractional shortening as
compared with the CTL group. Considering the fact
that SMAD4 KO mice had a significant decline in
cardiac function parameters as compared with both
the CTL and MCM groups, our findings strongly
indicate that cardiac dysfunction developed in
SMAD4 KO animals is the specific effect of deletion of
CM-canonical TGF-f signaling.

At the end of each time point, heart weight to tibia
length and lung weight to tibia length ratios were
compared. These parameters were comparable be-
tween the SMAD4 KO and CTL groups at both time
points (Figures 3A, 3B, 4A, and 4B). For the assessment
of cardiac hypertrophy, CM cross-sectional area (CSA)
was measured. We found no significant difference in
CSA between the SMAD4 KO and CTL groups at 4
weeks after TAM treatment (Figure 4C). However, at 8
weeks, CSA was significantly higher in SMAD4 KO
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FIGURE 6 Effect of CM-Specific SMAD4 Deletion on CM Contraction Kinetics and on Contractility-Regulating Proteins
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CMs were isolated from the hearts of experimental mice at the end of each time point and sarcomere shortening parameters assessed (n = 10 to 20 CMs/heart and 8 to
9 hearts/group). (A) Sarcomere peak shortening normalized to resting sarcomere length (% peak shortening). *p = 0.0104, **p = 0.0033 versus CTL group. (B)
Maximal relengthening (+dL/dT) velocity. *p = 0.0101, **p = 0.0035. (C) Maximal shortening (-dL/dT) velocity. *p = 0.0102, **p = 0.0041. Western blot analysis of
proteins that regulate calcium homeostasis and cardiomyocyte contractility. Representative Western blots and quantification. (D) Phospholamban (PLN). **p =
0.0099. (E) Sarco/endoplasmic reticulum Ca®*-ATPase 2a (SERCA2a). (F) Cardiac myosin binding protein C (cMyBP-C). *p = 0.0317. All p values are versus the CTL
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FIGURE 7 RNA-Seq Analysis Reveals Alteration in lon Channel Genes in SMAD4 KO Mice
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RNA sequencing (RNA-Seq) analysis was performed at 4 weeks after TAM treatment. (A) Hierarchical clustering of 161 genes detected as significantly
differential (at least 1.5-fold, p value <0.05) between the CTL and SMAD4 KO groups. (B) Gene Ontology analysis. (C) Quantitative polymerase chain
reaction analysis of ion-channel genes: kcna2 (***p = 0.0006), kend2 (*p = 0.0291), kcnel (*p = 0.0111), clenl (**p = 0.0016), scn4b (***p = 0.0006),
cacng6 (*p = 0.0130), and kenv2 (**p = 0.0012). All p values are versus the CTL group. Abbreviations as in Figures 1 and 2.

mice than respective CTL animals (Figure 3C). Cardiac
fibrosis was assessed by performing Masson’s
trichome staining. Examination of trichome-stained
heart sections demonstrated that fibrosis was absent
in SMAD4 KO mice at 4 weeks after TAM treatment
(Figures 4D and 4E) and was prominently seen in
these animals at 8 weeks (Figures 3D and 3E). To
confirm the histology data, we analyzed expression
levels of molecular markers for fibrotic remodeling
by the quantitative polymerase chain reaction
method. In agreement with the trichome staining
results, we saw an increasing trend in the levels of
colial, colia2, and col3alr in the KO group
(Supplemental Figure 1). CM dropout due to cell
death causes remodeling of the heart. Hence, we
also examined cardiac sections for the presence of
DNA fragmentation, a classical marker of cell death,
by terminal deoxynucleotidyl transferase dUTP nick-
end labeling staining. Cell death was significantly
evident at 8 weeks after TAM treatment (Figures 5A
and 5B). Considered together, these results
demonstrate that CM-specific disruption of
canonical TGF-B signaling via deletion of the critical
intermediate regulator SMAD4 leads to dilated
cardiomyopathy (DCM) development. Thus, CM-
SMAD4 is indispensable for adult heart homeostasis.

CM-SPECIFIC SMAD4 DELETION DOES NOT AFFECT
MAPK AND PI3K-AKT SIGNALING PATHWAYS. Pre-
vious studies showed that the TGF-$ could activate

MAPK and PI3K-AKT signaling pathway

independently of SMADs (7,8,12). Thus, to verify
whether any aberrant changes in the MAPK or PI3K-
AKT pathway contributed to the observed cardiac
phenotype in SMAD4 KO mice, we examined the
protein levels of phosphorylated ERK1/2, p38, and
AKT by Western blotting at both time points. The
phosphorylation levels of ERK1/2, p38, and AKT were
comparable in the LV lysates from SMAD4 KO and
CTL mice (Supplemental Figures 2A to 2C). These re-
sults rule out the possible causal role of the MAPK
and PI3K-AKT signaling pathways in the development
of cardiac dysfunction in SMAD4 KO.

CM CONTRACTILITY IS AFFECTED BY CM-SPECIFIC
SMAD4 DELETION. To determine whether the
observed in vivo LV systolic dysfunction was attrib-
utable to defects in contractility of CMs, we assessed
sarcomere contractility of CMs isolated from SMAD4
KO and CTL mice. Surprisingly, SMAD4 KO CMs dis-
played significantly higher sarcomere peak short-
ening, as well as sarcomere shortening and
relengthening velocities compared with CMs isolated
from CTL mice (Figures 6A to 6C).

Calcium homeostasis is a key factor in regulating
CM contractility. Therefore, we next examined the
effect of SMAD4 deletion on calcium handling pro-
teins. Total protein levels of sarco- or endoplasmic
reticulum Ca®"-ATPase 2a (SERCA2a) and its inhibitor
phospholamban were comparable in SMAD4 KO and
CTL hearts. However, phospholamban was hyper-
phosphorylated in SMAD4 KO hearts, indicating a
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FIGURE 8 CM-Specific SMAD4 Deletion Causes Cardiac Conduction Abnormalities
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Electrocardiography (EKG) analysis was performed on mice at 4 weeks after TAM treatment and the following ECG parameters were
examined: (A) heart rate (*p = 0.0426), (B) QRS interval (*p = 0.0127), (C) QT interval (***p = 0.0007), (D) QTc interval (**p = 0.0027),
and (E) representative ECG traces. All p values are versus the CTL group. BPM = beats per minute; other abbreviations as in Figure 1.
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reduction in its inhibitory effect on SERCA2a pump
activity (Figures 6D and 6E).

The observed increase in CM contraction kinetics
suggested that there might be alterations in myofila-
ment calcium sensitivity and cross-bridge cycling
rates. As cardiac myosin-binding protein C (cMyBP-C)
is known to regulate these processes, we examined
levels of these proteins by Western blotting. Indeed,
cMyBP-C was significantly down-regulated in the
SMAD4 KO hearts at 4 weeks after TAM treatment
(Figure 6F). These results support our observation of
improved CM contractility in SMAD4 KO mice.

RNA SEQUENCING RESULTS REVEAL DOWN
REGULATION IN CARDIAC ION CHANNELS’ GENES
EXPRESSION IN SMAD4 KO MICE. To examine the
primary consequences of CM-SMAD4 deletion on the
cardiac transcriptome, RNA sequencing (RNA-Seq)
analysis was performed at 4 weeks after TAM treat-
ment. Comparison of SMAD4 KO versus littermate
CTL animals resulted in the identification of 166
transcripts with significant differential expression
(shown in Cluster), including 151 characterized gene
products, and 15 uncharacterized transcripts (com-
plementary DNAs, Expressed sequence tags, or long
noncoding RNAs). Of the 151 altered genes, only 55
were up-regulated, with the majority (96 genes)
down-regulated by at least 1.5-fold with p < 0.05
(Figure 7A).

Gene Ontology analysis identified ion trans-
membrane transport as the top over-represented
biological process in SMAD4 KO hearts (Figure 7B).
Based on this finding, we identified the ion-channel
genes that were significantly down-regulated (Clcni,
Kcnd2, Kcna2, Cacng6, Kcnel, Scn4b, Kcnv2). We
validated their gene expression by quantitative po-
lymerase chain reaction and consistent with the RNA-
Seq results, these genes showed significant down-
regulation in the hearts of SMAD4 KO mice,
compared with littermate CTL animals (Figure 7C).

SMAD4 KO MICE EXHIBIT ELECTROCARDIOGRAPHIC
ABNORMALITIES. The identification of ion trans-
membrane transport as the top biological process in
RNA-Seq analysis prompted us to examine whether
CM-specific SMAD4 deletion causes any electrophys-
iological defects in SMAD4 KO mice. Thus, electro-
cardiography analysis was performed on SMAD4 KO
and littermate CTL mice at 4 weeks after TAM.
Indeed, slower heart rates were evident in SMAD4 KO
than littermate CTL animals (Figure 8A). Further-
more, SMAD4 KO mice displayed prolongation of
QRS, QT, and QTc intervals (Figures 8B to 8E).

DISCUSSION

Herein we examined the contribution of CM
canonical TGF-f signaling to the heart function. We
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Deletion of canonical TGF-p signaling in adult CMs by targeting SMAD4 leads to down-regulation of several ion-channel genes and a key
sarcomeric protein, cMyBP-C. These adverse effects of SMAD4 deletion results in cardiac conduction abnormalities and hyper contractile
phenotype and are at least in part responsible for dilated cardiomyopathy development. Importantly, CM-specific canonical TGF-f signaling
does not seem to be a significant contributor of fibrosis in adult hearts. Abbreviations as in Figures 1, 6, and 7.

demonstrated that CM-specific SMAD4 deletion in the
fully mature heart causes DCM. Interestingly, cardiac
dysfunction in SMAD4 KO mice was seen despite
improved CM contractility and preceded by the
development of pathological features of DCM such as
hypertrophy and fibrosis. Furthermore, we also
observed down-regulation of ion channels’ gene
expression and cardiac conduction abnormalities in
SMAD4 KO mice. These results highlight a funda-
mental role for CM-specific canonical TGF-f signaling
in the regulation of adult heart function (Figure 9).
In SMAD4 KO mice, development of marked car-
diac dysfunction preceded the fibrotic remodeling
indicating that fibrosis was not a cause of observed
phenotype. It is well established that canonical TGF-8
signaling is critical to fibroblast biology and fibrosis

(24,28-31). Additionally, the previous study by the
Kass lab (23) demonstrated that the activation of the
noncanonical TGF-$ pathway in CMs contributes to
maladaptive fibrotic remodeling in pressure-
overloaded hearts. Thus, it is possible that fibrosis
observed at a later point could be a maladaptive
response evoked by fibroblasts with intact TGF-B
signaling or the effect of activation of noncanonical
TGF-f signaling spared in CMs. Furthermore, a study
pertaining to muscle-specific SMAD4 deletion in
muscular dystrophy models revealed that functional
enhancement of dystrophic muscle occurs without a
significant reduction in fibrosis (21). In line with this
report, our study also provides valuable evidence that
CM-specific canonical TGF-f signaling is not a sig-
nificant contributor to fibrotic remodeling and
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highlights its ability to alter cardiac performance by
targeting CM-specific pathways.

Wang et al. (32) demonstrated that targeted
disruption of SMAD4 in CMs results in the early
onset of cardiac hypertrophy and implicated the
excessive activation of MEK1-ERK1/2 as the possible
underlying mechanism. In stark contrast, herein we
demonstrate that CM-SMAD4 does not regulate
MEK1-ERK1/2 signaling or cardiac hypertrophy in the
adult heart. This discrepancy might be due to dif-
ferences in the timing of CM-specific SMAD4 dele-
tion. Wang et al. (32) deleted SMAD4 in mouse
embryos using alpha-myosin heavy chain promoter-
driven Cre. Considering the essential role of SMAD4
in cardiogenesis (25), the phenotype of the animals
used in the previous study might have been
compromised by developmental defects. However,
in our model, SMAD4 deletion was done when the
physiological development of mice is complete, thus
excluding the causal role of developmental defects
in the observed cardiac phenotype. We believe that
inducible loss-of-function approaches are likely of
greater biological relevance in identifying the true
targets of SMAD4 in the fully mature heart compared
with transgenesis, embryonic knockout, or cell cul-
ture approaches.

To our complete surprise, SMAD4 KO mice dis-
played enhanced CM contractility. This finding con-
trasted with decreased cardiac function seen in these
animals. However, further studies performed to
ascertain these intriguing observations revealed that
there was a remarkable reduction in cMyBP-C in
SMAD4 KO hearts. MyBP-C is a crucial sarcomeric
protein that has structural as well as regulatory
functions in muscles. Genetic studies have identified
MYBPC3 (cardiac isoform) as one of the major
mutated genes that results in the development of
hypertrophic and dilated cardiomyopathies (33,34).
Several mouse models bearing such mutations
showed haploinsufficiency and reduction in cMyBP-C
levels (35-38). These models had increased myofila-
ment calcium sensitivity and faster cross-bridge
cycling rate, and developed a hypercontractile
phenotype. Additionally, pathological features such
as fibrosis, hypertrophy, and arrhythmogenesis were
seen in these models. Thus, considering the pheno-
typic similarities in MYBPC3 mutants and SMAD4 KO
mice, we speculate that reduction in cMyBP-C protein
in SMAD4 KO heart may, at least in part, be respon-
sible for development of cardiac abnormalities in
these animals.

The disagreement between contractile function
assessed in isolated myocytes and intact hearts of

Umbarkar et al.
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SMAD4 KO suggests that there might be impaired
muscle force transduction, increased myocyte death,
or compromised electrical activation of the myocar-
dium. To examine whether CM-specific SMAD4
deletion has any effect on key proteins involved in
muscle force transmission, we assessed levels of
intercalated disc and costameric proteins by Western
blotting. The expression of these proteins was not
different in CTL and KO animals (Supplemental
Figures 3A to 3D). However, analysis of terminal
deoxynucleotidyl transferase dUTP nick-end labeling
data suggested that in SMAD4 KO there is a pro-
gressive increase in cardiac cell death. Considering
the prosurvival effect of TGF-§ superfamily members
on CM, it is not surprising that CM-specific SMAD4
deletion resulted in the CMs death in SMAD4 KO mice
(39-41). Together, these evidences support our hy-
pothesis that cardiac cell death might have contrib-
uted to the development of cardiac dysfunction in
SMAD4 KO mice.

The most striking finding from RNA-Seq analysis
was the significant down-regulation of several ion-
channel genes in hearts from SMAD4 KO mice. Of
these, the pivotal role of Kcnd2 is demonstrated in
encoding primary repolarizing current in rodents
and when selectively eliminated in mice resulted in
QT prolongation (42). Additionally, a mutation in
gene SCN4B which codes for sodium channel B4
subunit has been implicated in congenital long-QT
syndrome type 10 in humans (43). In keeping with
these reports and RNA-Seq results, electrocardiog-
raphy analysis revealed that SMAD4 KO mice
exhibit QT prolongation. These observations sug-
gest that down-regulation in the expression of ion-
channel genes could possibly account for the
alteration in the electrocardiography parameters of
SMAD4 KO animals. However, given the possibility
that QRS and QT prolongation may have resulted
from the developing pathology, additional studies
with more comprehensive electrophysiological as-
sessments are necessary to explain whether SMAD4
KO mice exhibit causal relationship between con-
duction and contractility defects. To our knowl-
edge, only a few reports have provided evidence
for a direct role of TGF-f signaling in modulating
ion channels essential for cardiac electrophysiology.
For instance, Kaur et al. (44) showed that TGF-§-1
increases the transcription and activity of sodium
channels in adult rat CMs. On the other hand,
Ramos-Mondragon et al. (45) reported reduction in
the expression and activity of sodium channel in
TGF-p1-treated neonatal rat atrial myocytes. It is
important to note that these studies are performed
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in isolated CMs, which differ in biophysical and
electrophysiological properties compared with the
entire organ. With that said, our study is the first
to provide evidence for the significant role of CM-
specific SMAD4-dependent TGF-f signaling in
regulating gene expression of ion channels that are
essential for cardiac conduction.

CONCLUSIONS

In summary, we report that CM-specific deletion of
canonical TGF-f signaling in fully mature CMs leads
to cardiac dysfunction and dilated cardiomyopathy.
Although canonical TGF-p signaling has been sug-
gested as a critical target for the management of
adverse fibrotic remodeling, our findings strongly
suggest that cell-specific TGF-p responses should be
considered when developing anti-TGF-f strategies
for treating cardiac diseases to avoid interference
with its beneficial actions.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Vast
published data has established the central role of
canonical TGF-f signaling in fibroblast activation,
wound healing, and myocardial fibrosis. However, the
role of canonical TGF-f signaling in fully mature
functional CMs is not clear. Our studies establish that
the CMs canonical TGF-f signaling is essential to
preserve adult heart homeostasis. We also establish
that this signaling axis in CMs is critical for maintain-
ing cMyBP-C levels, sarcomere kinetics, and expres-
sion of key ion channels. Thus, the role of CM
canonical TGF-f signaling in myocardial physiology
appears to be substantial.

TRANSLATIONAL OUTLOOK: Pharmacological
targeting of canonical TGF-f signaling is highly
implicated for the management of multiple organ
fibrosis including the myocardial fibrosis. In light of
our finding presented herein, we suggest caution in
going forward with the drugs that target canonical
TGF- signaling in the heart. Strategies for such drug

detect cardiac myosin binding protein C.
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development may include the cell-specific targeting
or delineation of potential downstream targets. Thus,
our finding identifies what we believe to be a new
paradigm for pharmacological targeting of canonical
TGF-B1 signaling and raises a significant concern
regarding the approaches relies on systemic inhibition.
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