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Abstract

TGF-Bs regulate fibroblast responses, by activating Smad2 or Smad3 signaling, or via Smad
independent pathways. We have previously demonstrated that myofibroblast-specific Smad3 is
critically implicated in repair of the infarcted heart. However, the role of fibroblast Smad2 in
myocardial infarction remains unknown. This study investigates the role of myofibroblast specific
Smad? signaling in myocardial infarction, and explores the mechanisms responsible for the
distinct effects of Smad2 and Smad3. In a mouse model of non-reperfused myocardial infarction,
Smad2 activation in infarct myofibroblasts peaked 7 days after coronary occlusion. In vitro, TGF-
B1, -p2 and -p3, but not angiotensin 2 and bone morphogenetic proteins-2, -4 and -7, activated
fibroblast Smad2. Myofibroblast-specific Smad2 and Smad3 knockout mice (FS2KO, FS3KO) and
corresponding control littermates underwent non-reperfused infarction. In contrast to the increase
in rupture rates and adverse remodeling in FS3KO mice, FS2KO animals had mortality
comparable to Smad2 fl/fl controls, and exhibited a modest but transient improvement in
dysfunction after 7 days of coronary occlusion. At the 28 day timepoint, FS2KO and Smad2 fl/fl
mice had comparable adverse remodeling. Although both FS3KO and FS2KO animals had
increased myofibroblast density in the infarct, only FS3KO mice exhibited impaired scar
organization, associated with perturbed alignment of infarct myofibroblasts. /n vitro, Smad3 but
not Smad?2 knockdown downmodulated fibroblast a2 and a5 integrin expression. Moreover,
Smad3 knockdown reduced expression of the GTPase RhoA, whereas Smad2 knockdown
markedly increased fibroblast RhoA levels. Smad3-dependent integrin expression may be
important for fibroblast activation, whereas RhoA may transduce planar cell polarity pathway
signals, essential for fibroblast alignment. Myofibroblast-specific Smad3, but not Smad?2 is
required for formation of aligned myofibroblast arrays in the infarct. The distinct in vivo effects of
myofibroblast Smad2 and Smad3 may involve Smad3-dependent integrin synthesis, and
contrasting effects of Smad2 and Smad3 on RhoA expression.
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1. INTRODUCTION

The massive loss of cardiomyocytes following acute myocardial infarction overwhelms the
extremely limited regenerative capacity of the adult mammalian heart[1]. Thus, repair of the
infarcted myocardium is dependent on formation of a collagen-based scar[2]. Fibroblasts are
critical effector cells in cardiac repair, remodeling and fibrosis[3],[4] In addition to their
important role in synthesis and metabolism of extracellular matrix proteins, fibroblasts may
also exert a wide range of functions, modulating cardiomyocyte survival[5], regulating
inflammation[6], and contributing to phagocytic clearance of dead cells[7]. Fibroblasts
exhibit remarkable phenotypic plasticity, undergoing dramatic phenotypic changes in the
dynamic environment of the infarct[3],[8],[9],[10]. During the inflammatory phase of infarct
healing, fibroblasts may produce cytokines, mediating recruitment of leukocytes in the
infarcted area[6]. As the infarct is cleared from dead cells and matrix debris, inflammation is
suppressed and infarct fibroblasts expand, and undergo myofibroblast conversion, expressing
a-smooth muscle actin (a-SMA), and synthesizing large amounts of extracellular matrix
proteins[11],[12],[13]. Activated myofibroblasts form well-organized arrays in the infarct
border zone[14] and protect the infarcted heart from cardiac rupture[15]. However, excessive
fibroblast activation following infarction may accentuate dysfunction and adverse
remodeling, precipitating heart failure[16]. Inflammatory cytokines, growth factors and
matricellular proteins co-operate to activate fibroblasts in the infarcted heart[17].

Members of the TGF-B superfamily play a crucial role in regulation of fibroblast phenotype
and function[18]. TGF-Bs promote myofibroblast conversion, stimulate synthesis of
extracellular matrix proteins, and exert context-dependent actions on cell proliferation and
migration[19]. TGF-Bs act by binding and sequentially transphosphorylating type Il and
type | receptors, transducing signaling through a series of intracellular effectors the Smads,
or through stimulation of Smad-independent cascades[20],[19]. Smad2 and Smad3, the
receptor-associated Smads activated by TGF-Bs, have highly conserved amino acid
sequences in their Mad homology (MH)1 and MH2 domains[21]. When Smad2 and Smad3
are activated by TGF-p receptors, they bind to the common Smad, Smad4, and translocate
into the nucleus, where they modulate gene transcription. We have recently demonstrated
that fibroblast-specific Smad3 signaling plays a critical role in repair and remodeling of the
infarcted heart, by mediating formation of organized myofibroblast arrays in the scar,
through activation of an integrin-mediated NADPH oxidase (NOX) pathway[15]. Although
in vitro studies suggest distinct roles of Smad2 and Smad3 in various cellular responses[21],
the in vivo role of Smad2 in regulation of the reparative response following myocardial
infarction remains unknown. Accordingly, we hypothesized that activation of Smad2 in
infarct fibroblasts may play an important role in repair and remodeling of the infarcted heart.

Our findings demonstrate that, in contrast to the detrimental effects of myofibroblast-specific
Smad3 loss, loss of Smad2 in activated cardiac myofibroblasts did not affect scar
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organization and late remodeling of the infarcted heart, but was associated with a modest
and transient improvement in systolic function following infarction, and with delayed
dilative remodeling. In vitro, Smad3, but not Smad2 knockdown, downmodulated mRNA
expression of a2 and a5 integrins, and reduced expression of the GTPase Ras homolog gene
family member A (RhoA) in isolated cardiac fibroblasts. TGF-p-mediated Smad3, but not
Smad? activation, may be important for transduction of integrin-and RhoA-dependent
signaling in infarct myofibroblasts, transducing cascades with an important role in scar
organization.

2. MATERIALS AND METHODS

Detailed description of the methodology is provided in the online supplement

Generation of mice with Smad2 or Smad3 loss in activated myofibroblasts.

We generated mice with loss of Smad2 in activated infarct fibroblasts (FS2KO) by breeding
Smad2/f with a transgenic mouse line in which Cre recombinase is driven by a 3.9-kb
mouse Postn promoter[22],[23]. Periostin, which is encoded by Postn, is not expressed in
cardiomyocytes, vascular cells, hematopoietic cells or quiescent cardiac fibroblasts[24],[25],
but is upregulated in injury site-fibroblasts in infarcted and in pressure-overloaded
hearts[25],[26]. In order to generate mice with myofibroblast-specific loss of Smad3
(FS3KO), Smad3f/fl [27] mice were crossed with Postn-Cre transgenic animals, as
previously described[15],[28].

Mouse model of non-reperfused myocardial infarction:

Animal studies were approved by the Institutional Animal Care and Use Committee at
Albert Einstein College of Medicine and conform to the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health. A mouse model of non-
reperfused myocardial infarction was used, as previously described by our group[15].
Female and male mice, 4-6 months of age, were anesthetized using inhaled isoflurane (2%);
55 Smad2f/fl mice, and 57 FS2KO mice underwent in vivo experiments. For analgesia,
buprenorphine (0.05-0.2 mg/kg s.c) was administered at the time of surgery and q12h
thereafter for 2 days. Additional doses of analgesics were given if the animals appeared to be
experiencing pain (based on criteria such as immobility and failure to eat). At the end of the
experiment, euthanasia was performed using 2% inhaled isoflurane followed by cervical
dislocation. Early euthanasia was performed with the following criteria, indicating suffering
of the animal: weight loss>20%, vocalization, dehiscent wound, hypothermia, clinical signs
of heart failure (cyanosis, dyspnea, tachypnea), lack of movement, hunched back, ruffled
coat, lack of food or water ingestion.

Echocardiography:

Echocardiographic studies were performed before instrumentation, 7 and 28 days after
coronary occlusion using the Vevo 2100 system (VisualSonics. Toronto ON), as previously
described [29].
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Immunohistochemistry and histology:

For histopathological analysis murine hearts were fixed in zinc-formalin (Z-fix; Anatech,
Battle Creek, MI), and embedded in paraffin. Collagen was stained using picrosirius red.
Quantitative assessment of myofibroblast density was performed by counting the number of
cells/myocardial area.

Isolation and culture of cardiac fibroblasts:

Fibroblasts were isolated from normal mouse (C57/BL6J) hearts as previously described
[30],[31].

siRNA knockdown experiments:

For siRNA knockdown experiments, mouse cardiac fibroblasts were either transfected with
Smad2 siRNA, Smad3 siRNA or non-silencing control siRNA, using Lipofectamine® 3000
Reagent, as previously described[32]. Briefly, the cells treated with siRNA were suspended
in collagen pad or plated in dishes with serum free DMEM/F12 for 72 h. Cell lysates were
utilized for qPCR to verify efficacy of mMRNA knockdown with siRNA.

Assessment of a-smooth muscle actin (a-SMA) incorporation into the cytoskeleton of
cardiac fibroblasts.

Dual fluorescence with phalloidin-AF594 (Invitrogen, A12381) and anti-a.-SMA-FITC-
labeled antibody (Sigma, F3777) was used to assess decoration of F-actin fibers with a-
SMA in fibroblasts cultured in chamber slides in the presence or absence of TGF-f1
(10ng/ml, 72h).

Fibroblast migration assay

A cardiac fibroblast migration assay was performed using a colorimetric transwell system as
previously described[31].

RNA extraction, qPCR and gqPCR array analysis

Gene expression was assessed using quantitative polymerase chain reaction.

Protein extraction and western blotting: Protein was extracted from cardiac
fibroblasts as previously described [33], and western blotting was performed using
established protocols.

Statistics: For comparisons of two groups unpaired, 2-tailed Student’s t-test using (when
appropriate) Welch’s correction for unequal variances was performed. The Mann-Whitney
test was used for comparisons between 2 groups that did not show Gaussian distribution. For
comparisons of multiple groups, 1-way ANOVA was performed followed by Tukey’s
multiple comparison test. The Kruskall-Wallis test, followed by Dunn’s multiple comparison
post-test was used when one or more groups did not show Gaussian distribution. Paired t-test
was used for comparisons of functional data within the same group. Survival analysis was
performed using the Kaplan-Meier method. Mortality was compared using the log rank test.
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3. RESULTS:

1. TGF-Bs, but not Bone Morphogenetic Proteins (BMPs), or angiotensin Il, directly
activate Smad2 signaling in mouse cardiac fibroblasts

Western blotting experiments showed that isolated mouse cardiac fibroblasts have negligible
baseline activation of Smad2 (Fig 1A). TGF-p isoforms (TGF-B1, -2, or -3, 10 ng/ml)
induced a marked increase in cardiac fibroblast pSmad?2 expression levels after 30 min of
stimulation (Figure 1A-C). TGF-Bs had no effects on total Smad expression by isolated
cardiac fibroblasts (Figure 1D).

In contrast to the effects of TGF-ps, BMP-2, BMP-4 and BMP-7 (50 ng/ml), all known to be
induced in the infarcted and remodeling myocardium[34] did not induce Smad2 activation in
isolated cardiac fibroblasts after 30 min of stimulation (Figure 1E-H). The critical
neurohumoral mediator angiotensin Il has also been suggested to activate Smad signaling,
directly or indirectly. However, angiotensin Il (50ng/ml) did not activate Smad2 in cardiac
fibroblasts after 30 min of stimulation (Figure 1E-H).

2. Smad2 is activated in infarct myofibroblasts.

Dual immunofluorescence combining p-Smad2 staining and a-SMA labeling (to identify
myofibroblasts as spindle shaped a-SMA+ cells located outside the vascular media),
demonstrated that after 7 days of permanent coronary occlusion, abundant infarct
myofibroblasts exhibit activation of Smad2 signaling, evidenced by nuclear localization of
p-Smad2 (Figure 2A-D). Quantitative analysis showed that the density of p-Smad2+
myofibroblasts in healing infarcts peaked after 7 days of permanent coronary occlusion
(Figure 2E). Dual immunofluorescence combining staining for the myofibroblast marker
periostin, and p-Smad2 showed that infarct myofibroblasts exhibit Smad2 activation as early
as 3 days after coronary occlusion, and confirmed the prominent activation of p-Smad2 in
infarct myofibroblasts at the 7-day timepoint (Supplemental figure I). Dual
immunofluorescence combing staining for periostin and p-Smad3 demonstrated that the
density of myofibroblasts exhibiting Smad3 activation also peaked after 7 days of coronary
occlusion (Supplemental figure I1).

3. Mice with myofibroblast-specific loss of Smad2 exhibit no baseline defects.

In order to develop mice with cell-specific loss of Smad2 in activated fibroblasts (fibroblast-
specific Smad2 knockout mice, FS2KO), we bred periostin-Cre mice with Smad2 fl/fl
animals. Dual staining for Smad2 and periostin demonstrated loss of Smad?2
immunoreactivity in the majority of periostin+ myofibroblasts infiltrating the healing infarct
after 7 days of coronary occlusion (Supplemental figure I11). Quantitative analysis showed
that FS2KO mice had a marked reduction in the density of Smad2+/periostin+
myofibroblasts in the infarcted myocardium after 7 days of coronary occlusion, when
compared with Smad2 fl/fl animals. At the 3-day timepoint, both Smad2 fl/fl and FS2KO
mice had a significant number of periostin-negative Smad2-expressing interstitial cells
(Supplemental figure I11). Thus, the approach using the periostin Cre driver specifically
targeted activated myofibroblasts in the healing infarct.
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Comparison of echocardiographic parameters between age and gender-matched FS2KO and
Smad2 fl/fl mice showed that myofibroblast-specific loss of Smad2 had no effects on
baseline cardiac function. Body weight, heart rate, cardiac chamber dimensions, wall
thickness, and systolic function were comparable between FS2KO and Smad2 fl/fl animals
(Supplemental figure 1V).

4. Smad2 loss in activated myofibroblasts does not affect mortality following non-
reperfused myocardial infarction.

Mice undergoing non-reperfused infarction protocols exhibit significant mortality during the
first week following coronary occlusion, mostly due to cardiac rupture. Gender-matched
FS2KO mice and Smad2 fl/fl littermates had comparable mortality following myocardial
infarction (Supplemental figure V). Male mice had higher mortality than females for both
Smad2 fl/fl and FS2KO groups (Supplemental figure V).

5. Effects of myofibroblast-specific Smad2 loss on cardiac function and adverse
remodeling following myocardial infarction.

Non-reperfused myocardial infarction was associated with marked depression of systolic
function (evidenced by reduction of ejection fraction), and severe dilative remodeling
(suggested by increases in LVEDV and LVESV) after 7-28 days of permanent coronary
occlusion in both Smad 2 fl/fl and FS2KO groups. FS2KO mice exhibited a modest and
transient protection from adverse remodeling and dysfunction after 7 days of coronary
occlusion. Ejection fraction was significantly higher in FS2KO mice at the 7 day timepoint
(Figure 3A). In contrast, after 28 days of coronary occlusion, FS2KO mice and Smad2 fl/fl
animals had no significant differences in ejection fraction (Figure 3). LVEDV (Figure 3B)
and LVESV (Figure 3C) were significantly lower in FS2KO mice after 7 days, but not after
28 days of coronary occlusion, suggesting a transient reduction in dilative post-infarction
remodeling. Heart rate was comparable between Smad2 fl/fl and FS2KO mice at all
timepoints studied (Figure 3D). Analysis of the echocardiographic data for female and male
mice is shown in Supplemental figure VI.

6. Myofibroblast-specific Smad2 loss does not affect the morphometric characteristics of
the infarcted heart.

In order to examine whether myofibroblast-specific Smad2 loss affects scar remodeling
following myocardial infarction, we performed systematic analysis of morphometric
parameters based on reconstruction of the infarcted ventricle from base to apex
(Supplemental figure VI1). Scar size (Figure 4A), infarct volume (Figure 4B), the volume of
the viable remodeling myocardium, (Figure 4C) and the thickness of the infarcted and non-
infarcted walls (Figure 4D-E) were comparable between FS2KO and Smad2 fl/fl mice at the
7 and 28-day timepoints. Analysis of the morphometric data for male and female mice is
shown in Supplemental figure VIII.
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7. FS2KO and Smadz2 fl/fl animals exhibit comparable collagen deposition in the infarcted
and non-infarcted myocardium following permanent coronary occlusion.

We used sirius red staining to label collagen fibers in the infarcted and remodeling
myocardium. FS2KO mice and corresponding Smadz2 fl/fl littermates had comparable
collagen content in infarcted and remodeling areas at both 7 and 28-day timepoints
(Supplemental Figure 1X).

8. Myofibroblast-specific loss of Smad3, but not Smad2, perturbs organization of
myofibroblast arrays following myocardial infarction

We have previously demonstrated that myofibroblast-specific loss of Smad3 accentuates
adverse remodeling following myocardial infarction perturbing formation of organized
myofibroblast arrays in the healing infarct[15]. Our current study demonstrates that in
contrast to the catastrophic effects of fibroblast-specific Smad3 loss, myofibroblast-specific
Smad2 deletion is not associated with impaired repair, but results in a transient improvement
of cardiac remodeling following myocardial infarction. In order to explore the basis for the
distinct effects of myofibroblast-specific Smad2 and Smad3 signaling in cardiac repair, we
compared the effects of Smad2 and Smad3 loss on infarct myofibroblast infiltration.

Infarct myofibroblasts were identified in infarcted hearts asa-SMA-immunoreactive cells,
located outside the vascular media (Figure 5). Quantitative analysis of myofibroblast density
demonstrated that FS2KO mice had increased infiltration of the infarcted area with
myofibroblasts, in comparison to Smad2 fl/fl animals (Figure 5A-F, M-0). As we have
previously demonstrated, fibroblast-specific Smad3 loss also increased infiltration of the
infarct with myofibroblasts (Figure 5G-L, P). Because of the very high mortality of FS3KO
mice due to cardiac rupture, analysis of myofibroblast density in Smad3 fl/fl and FS3KO
mice in the current study was limited to female animals (Figure 5P). Thus, both Smad2 and
Smad3 signaling restrain expansion of the myofibroblast population in the infarcted heart.
These observations support the Smad-dependent anti-proliferative effects of TGF-p on
fibroblasts, previously reported by our group and by other investigators.

Next, we examined whether Smad2, or Smad3 loss affects the morphologic characteristics
and organization of myofibroblast arrays in infarcted hearts. Repair of the infarcted
myocardium requires formation of well-organized arrays of polarized myofibroblasts in the
infarct zone. Infarct myofibroblasts are aligned along the direction of the left ventricular
wall. Consistent with our previously published findings[15], FS3KO mice exhibited
infiltration of the infarcted myocardium with abundant malaligned, round-shaped
myofibroblasts (Figure 6). In contrast to the perturbed alignment of infarct myofibroblasts in
animals with fibroblast-specific loss of Smad3, FS2KO animals exhibited well-organized
myofibroblast arrays (Figure 6). Quantitative analysis showed that infarct myofibroblasts in
FS3KO mice had a much lower major to minor axis ratio than FS2KO cells and
corresponding Smadz2 fl/fl and Smad3 fl/fl controls (Figure 6E), suggesting round
morphology. Moreover, the average angle of myofibroblasts to the direction of the left
ventricle was significantly higher in FS3KO mice than in FS2KO animals, suggesting that
alignment of infarct myofibroblasts is dependent on Smad3, and not on Smad?2 signaling
(Figure 6F). Again, because of the very high mortality of male FS3KO mice following
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infarction, analysis of myofibroblast alignment was limited to female animals (Figure 6E—
F). As previously described by our group, impaired organization of myofibroblast arrays in
FS3KO mice was associated with perturbations of the alignment patterns of structural
collagen fibers. Sirius red-stained sections visualized under polarized light showed evidence
of collagen fiber fragmentation in infarcted FS3KO mice after 7 days of coronary occlusion.
In contrast, FS2KO mice had a well-organized network of collagen fibers in the infarcted
heart (Supplemental figure X).

9. Effects of Smad2 and Smad3 on expression of myofibroblast-associated genes.

Our in vivo findings suggest an important role for fibroblast Smad3, but not Smad2 in
organization of infarct myofibroblast arrays. In order to dissect the mechanism responsible
for the contrasting actions of Smad2 and Smad3 signaling, we performed in vitro
experiments investigating the effects of Smad2 and Smad3 siRNA knockdown (KD) on
fibroblast gene expression in cells cultured in the high tension environment of the culture
plate. First, we demonstrated the specificity of Smad2 and Smad3 siRNA KD approaches.
Smad?2 siRNA KD markedly reduced Smad?2 expression by cardiac fibroblasts without
affecting Smad3 expression (Supplemental figure XIA-B). Moreover, Smad3 siRNA KD
markedly reduced Smad3 expression without affecting Smad?2 levels (Supplemental figure
XIA-B). Smad2 knockdown did not significantly affect a-SMA and vimentin mMRNA
expression levels. Cells treated with Smad3 siRNA had trends towards reduced levels of a.-
SMA and vimentin. Next, we performed dual immunofluorescence experiments for
phalloidin and a-SMA to examine whether Smad2 or Smad3 loss affect formation of a -
SMA-decorated stress fibers (a feature of myofibroblast conversion) in cells cultured in
plates. Smad2 and Smad3 KD did not affect the percentage of a -SMA+ cells at baseline,
but significantly reduced the number of a SMA+ cells following stimulation with TGF-p1
(Supplemental figure XI1). The findings suggested that in vitro, both Smad2 and Smad3
signaling are implicated in incorporation of a-SMA into stress fibers, a hallmark of
myofibroblast conversion. Smad3 may also act by enhancing a -SMA mRNA expression
(Supplemental figure XI and [19]).

11. Smad3, but not Smad2 knockdown attenuates a2 and a5 integrin expression in
fibroblasts cultured in collagen pads.

Organization of fibroblast arrays in the healing infarct is dependent, on activation of
integrin-mediated interactions between the fibroblasts and the extracellular matrix. We have
previously demonstrated that perturbed function of Smad3 KO fibroblasts is due, at least in
part, to defective activation of an integrin-dependent, NOX-2 mediated axis[15]. In order to
explain the contrasting actions of Smad2 and Smad3 on cardiac fibroblast function, we
examined the effects of Smad2 and Smad3 KD (Figure 7A-B) on expression of integrins
and NOX-2 in fibroblasts cultured in collagen pads. Smad3, but not Smad2 KD resulted in
marked reduction of a2 and a5 integrin mRNA expression (Figure 7C-D). NOX-2
expression on the other hand was significantly reduced in both Smad2 and Smad3 KD cells
(Figure 7E). Because integrins are involved in fibroblast migration, we examined whether
Smad?2 or Smad3 loss affect migration of fibroblasts in a transwell assay. Smad2 and Smad3
siRNA KD had no effects on fibroblast migration in response to serum (1%) and TGF-p1
(20ng/ml) (Supplemental figure XIII).
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11. Smad2 and Smad3 have opposing effects on RhoA synthesis by cardiac fibroblasts.

The collective alignment of cells across a tissue plane is controlled by the planar cell
polarity pathway (PCP)[35]. We hypothesized that perturbed alignment of infarct
myofibroblasts in FS3KO, but not in FS2KO mice may reflect Smad3-dependent actions on
regulation of PCP genes. Accordingly, we examined the effects of Smad2 and Smad3 KD on
expression levels of PCP genes by cardiac fibroblasts (Supplemental figure X1V,
Supplemental table ). Smad3 KD was associated with marked suppression of RhoA, a gene
critically involved in regulation of the PCP pathway (Figure 7H). In contrast, Smad2 KD
increased RhoA expression. Thus, impaired alignment of fibroblasts lacking Smad3 may
reflect attenuated RhoA levels. The core PCP pathway involves the Frizzled (Fz) family of
multipass transmembrane proteins. Expression of Fzd2 has been previously documented in
infarct fibroblasts and has been suggested as a mediator of polarized alignment of
myofibroblasts in healing infarcts[14]. Analysis of frizzled gene expression in isolated
cardiac fibroblasts did not reveal consistent effects of Smad2 or Smad3 KD that could
explain the in vivo observations. Fzd2 and Fzd6 mRNA levels were significantly reduced in
both Smad2 and Smad3 KD cells (Supplemental figure XV). Smad2 KD was also associated
with reduced Fzd3 expression, whereas Smad3 KD decreased Fzd5 levels. Expression of
Fzdl, Fzd4, Fzd7, Fzd8 and Fzd9 (Supplemental figure XV), and of the PCP genes Vangl2,
Dvl1 and DvI2 (Supplemental Table I) was not significantly affected by Smad2 or Smad3
KD. Smad2 and Smad3 also played a role in regulation of Wnt genes. Smad2 KD
significantly reduced Wnt5b expression in cardiac fibroblasts; in contrast, Smad3 KD
increased Wnt5b mRNA levels. Moreover, Smad2 KD was associated with increased Wnt9a
levels, whereas Smad3 KD accentuated Wnt11 expression. In contrast, Wnt2b and Wnt5a
were not affected by Smad2 or Smad3 KD. Cardiac fibroblasts also expressed high levels of
the secreted frizzle-related proteins Sfrpl and Sfrp2. However, Sfrpl and Sfrp2 mRNA
expression was not affected by Smad2 or Smad3 KD (Supplemental figure XVI).

4. DISCUSSION

Our study reports for the first time that repair of the infarcted myocardium requires
activation of Smad3, but not Smad2 signaling, in activated cardiac myofibroblasts.
Myofibroblast-specific loss of Smad3 impairs infarct healing, perturbing alignment of
activated fibroblasts and leading to formation of a disorganized scar[15]. In contrast,
myofibroblast-specific Smad2 loss does not disrupt scar organization, and is associated with
a modest and transient reduction in adverse remodeling. In vitro experiments showed that
the detrimental effects of myofibroblast-specific Smad3 loss may involve downmodulation
of integrin synthesis, and reduced RhoA expression levels. In contrast, Smad?2 loss in cardiac
myofibroblasts does not affect integrin expression and is associated with increased RhoA
synthesis. The findings highlight the contrasting effects of Smad2 and Smad3 activation in
myofibroblast-mediated cardiac repair.

Myofibroblast activation in the infarcted heart.

In the infarcted myocardium, resident fibroblast populations proliferate and undergo
myofibroblast conversion, acquiring a matrix-synthetic phenotype[36]. Formation of well-
aligned arrays of polarized myofibroblasts plays an important role in repair of the infarcted
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heart, preserving the structural integrity of the ventricle, and preventing cardiac rupture [37],
[38],[15].

On the other hand, excessive or prolonged activation of myofibroblasts following infarction
may lead to excessive deposition of extracellular matrix proteins, worsening ventricular
compliance, and contributing to the development of heart failure[16],[39]. Regulation of
fibroblast phenotype and function in the infarcted heart involves actions of neurochumoral
mediators, secreted cytokines and growth factors, and specialized components of the cardiac
extracellular matrix. TGF-Bs are central effectors of myofibroblast conversion and activation
in the infarcted and remodeling myocardium[40],[41]. In the healing infarct, induction of
matricellular proteins, oxidative stress and protease activation co-operate to release bioactive
TGF-p from its latent stores. Subsequently, the active TGF-p dimer binds to and
sequentially transphosphorylates type Il and type | TGF- receptors, transducing Smad-
dependent and Smad-independent signaling. Receptor-activated Smads (R-Smads), such as
Smad?2 and Smad3, are phosphorylated by activated type | receptors, then bind to the
common Smad, Smad4 and translocate to the nucleus where they recruit co-activators and
co-repressors and regulate transcription[42]. Fibroblasts are major targets of TGF-s, rapidly
activating Smad signaling cascades, and hon-Smad pathways upon TGF-p stimulation[19],
[20]. In the infarcted myocardium, abundant a-SMA+ myofibroblasts express p-Smad2 in
the nucleus (Figure 2), suggesting activation of the Smad2 pathway. All three TGF-$
isoforms are induced following myocardial infarction[43], and are capable of activating
Smad2 signaling in cardiac fibroblasts (Figure 1).

roles of Smad2 and Smad3 in myofibroblast-mediated cardiac repair

We have previously demonstrated that mice with myofibroblast-specific Smad3 loss exhibit
an increased incidence of cardiac rupture, accentuated dilative remodeling, and worse
systolic dysfunction following myocardial infarction[15]. Adverse post-infarction
remodeling in the absence of Smad3 is associated with perturbed scar organization,
suggesting a critical role for myofibroblast-specific Smad3 signaling in mediating formation
of aligned myofibroblast arrays. In contrast to the catastrophic effects of myofibroblast-
specific Smad3 loss, myofibroblast-specific Smad2 knockdown did not affect cardiac
remodeling after 28 days of coro nary occlusion, but resulted in a modest, but transient
improvement in systolic function at the 7 day timepoint (Figure 3). Much like FS3KO
animals, FS2KOs had a marked increase in infarct myofibroblast density (Figure 4), possibly
reflecting partial loss of the Smad-dependent anti-proliferative actions of TGF- signaling in
cardiac fibroblasts[19]. However, in contrast to the pronounced perturbations in
myofibroblast morphology and alignment in mice lacking Smad3, myofibroblast-specific
loss of Smad?2 did not significantly affect the organization of infarct myofibroblast arrays in
the border zone of the infarct. Formation of organized myofibroblast arrays is important to
protect the infarcted heart from rupture and may be required to maximize tensile strength of
the healing scar, thus preventing dilation and adverse remodeling.

Molecular mechanisms of Smad2 and Smad3 actions in cardiac myofibroblasts

Integrins play a critical role in fibroblast activation[44], serving as a bridge between the cells
and the extracellular matrix[45] and transducing signaling cascades that promote
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myofibroblast conversion[46], and regulate cell motility and polarity[47]. Using an sSiRNA
knockdown approach, we found that Smad3, and not Smad2, mediates a2 and a5 integrin
synthesis in cardiac fibroblasts populating collagen pads (Figure 7). Integrin-dependent
interactions may play a crucial role in formation of aligned fibroblast arrays in the healing
infarct. Thus, perturbed scar organization in mice lacking Smad3 in fibroblasts may reflect
low integrin levels, resulting in impaired interaction between the cells and the extracellular
matrix. In contrast, preserved integrin expression in fibroblasts lacking Smad2 may be
sufficient for formation of a well-organized scar.

The collective alignment of cells in tissues involves activation of the planar cell polarity
pathway (PCP). In the healing infarct local alignment of myofibroblasts along the axis of the
ventricle may require intercellular communications, mediated through induction of PCP
genes, such as Wnt and frizzled family members. In order to test this hypothesis, we
examined whether Smad3 loss in cardiac fibroblasts causes perturbations in expression of
PCP genes and their downstream effectors. In isolated cardiac fibroblasts, both Smad2 and
Smad3 mediated expression of frizzled2 (fzd2) (Supplemental figure XV), a gene highly
upregulated in infarct myofibroblasts that may be involved in infarct myofibroblast
polarization[14]. Fzd3 expression was dependent on Smad2, whereas fzd5 synthesis was
Smad3-dependent and both Smad2 and Smad3 mediated fzd6 expression (Supplemental
figure XV). In contrast, fibroblast expression of the frizzled/disheveled pathway genes Fzd1,
Fzd4, Fzd7, Fzd8, Fzd9, Vangl2, Dvl1, and DvI2 was not dependent on Smad2 or Smad3
signaling. Wnt synthesis was also regulated by the Smad cascade. Wnt5b expression was
decreased in Smad2 knockdown fibroblasts, but was significantly increased in Smad3
knockdown cells (Supplemental figure XV1). Considering the role of Wnt5b expression in
disruption of mesenchymal cell aggregation[48], increased Wnt5b levels in fibroblasts
lacking Smad3 may be involved in mediating the perturbed cellular organization of the scar
in FS3KO mice. Moreover, Smad2 loss increased Wnt9a levels (D), whereas Smad3
disruption accentuated Wnt11 expression.

The GTPase RhoA is an important downstream mediator of the PCP signaling pathway[49].
Vangl2, a key component of the frizzled/disheveled pathway with a crucial role in regulation
of planal cell polarity is part of a multiprotein complex that signals through RhoA[49],[50].
Activation of the RhoA pathway plays a critical role in mediating actin-driven formation of
polarized cell protrusions[51]. Our findings demonstrated that Smad3 and Smad2 have
contrasting effects on RhoA expression in fibroblasts: Smad3 knockdown reduces RhoA
levels, whereas Smad2 inhibition markedly accentuates RhoA synthesis (Figure 7H). Thus,
the effects of myofibroblast-specific Smad3 loss on cell polarity may involve attenuation of
RhoA-mediated signaling.

What is the basis for the distinct roles of Smad2 and Smad3 in TGF-B-mediated gene
transcription?

Considering their similar activation patterns in response to TRRI pohsophorylation, their
common interactions with Smad4, and the high degree of homology exhibited by their MH1
and MH2 domains (66% and 96% aminoacid sequence identity, respectively), the divergent
actions of Smad2 and Smad3 are somewhat surprising[21]. Several mechanisms may explain
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the distinct functions of Smad2 and Smad3 in fibroblast-driven cardiac repair. First,
activation of Smad2 and Smad3 may involve different subsets of fibroblasts. Recruitment of
Smad2 and Smada3 to the activated TBRI is dependent on presentation by regulatory proteins
such as Smad anchor for receptor activation (SARA). In vitro experiments in hepatic stellate
cells showed that Smad2 is preferentially activated in early cultured cells (quiescent and
intermediate cells), while Smad3 is mainly activated in transdifferentiated cells. The more
rapid activation of Smad2 in infarct myofibroblasts (Supplemental figure I-11) may reflect
preferential recruitment of Smad2 to the activated TGF-p receptor in cells at an early stage
of myofibroblast conversion. Differences in SARA expression in various fibroblast subsets
may dictate the ability of the receptor to activate Smad2 vs. Smad3[52] in response to TGF-
B activation. Second, in mouse embryonic fibroblasts, Smad3 is essentially involved in
regulation of immediate-early TGF-p (such as ¢-fosand Smad7), whereas Smad2 actions
are more limited[53, 54]. The promiscuity of Smad3 to engage in multiple mechanisms of
nuclear import has been suggested as a potential mechanism for its preferential actions in
gene transcription [21]. Third, although both Smad2 and Smad3 interact with a wide range
of common transcriptional regulators, some nuclear interacting proteins have been
demonstrated to preferentially co-operate with one Smad over the other. For example, the
E1A-like inhibitor of differentiation (EID2) exhibits a much stronger interaction with Smad3
than Smad2[55]. Moreover, Smad3 is known to uniquely interact with a wide range of
nuclear receptors[21]. Fourth, Smad2 and Smad3 may differentially regulate promoter
activity. For example, Smad?2 stimulates the goosecoid (gsc) promoter, an early immediate
target for TGF-B/activin signaling, in contrast Smad3 has suppressive effects[56]. It should
be emphasized that most of the mechanistic evidence suggesting distinct molecular
interactions of Smad2 and Smad3 is derived from in vitro experiments. The significance of
specific molecular interactions in driving unique Smad2 and Smad3-mediated actions in
vivo remains unclear.

In vitro experiments showed that both Smad2 and Smad3 play an important role in
mediating TGF-B-stimulated incorporation of a-SMA in stress fibers. In contrast to these in
vitro findings, in healing infarcts Smad2 and Smad3 loss were associated with increased
myofibroblast density. The apparently conflicting in vitro and in vivo data may reflect, at
least in part, the use of the periostin Cre driver which specifically targets injury-site
myofibroblasts in infarcted and remodeling hearts[15],[23], without affecting fibroblasts
prior to myofibroblast conversion. After 3 days of coronary occlusion, we identified
numerous Smad2-expressing periostin-negative cells in the infarcted myocardium in both
Smad2 fl/fl and in FS2KO animals (Supplemental figure I11). Many of these cells may be
fibroblasts; in FS2KO infarcts may not exhibit Smad?2 loss due to the absence of periostin
expression. Thus, use of the periostin Cre driver in myocardial infarction allows dissection
of myofibroblast-specific actions without providing information on the mechanisms
responsible for fibroblast to myofibroblast conversion.

Conclusions

Although TGF-Bs activate both Smad2 and Smad3 in fibroblasts infiltrating the infarcted
heart, only myofibroblast-specific Smad3 plays a critical role in cardiac repair, by mediating
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formation of organized arrays of aligned myofibroblasts. The essential functions of
fibroblast Smad3 may reflect induction of integrins in cardiac fibroblasts, leading to
activation of a reparative program. Moreover, Smad3-dependent induction of RhoA may be
important for regulation of cellular polarity by transducing molecular cascades triggered by
the PCP pathway. In contrast to the essential reparative functions of Smad3, Smad2
signaling plays a limited role in activation of a reparative program in fibroblasts (Figure 8).
However, myofibroblast-specific Smad2 signaling is transiently implicated in early adverse
remodeling of the infarcted myocardium.
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HIGHLIGHTS

. Smad?2 is activated in TGF-p-stimulated fibroblasts, and in infarct
myofibroblasts.

. Myofibroblast-specific Smad2 loss transiently attenuates post-infarction
remodeling.

. Smad3, but not Smad?2 signaling, mediates formation of organized
myofibroblast arrays.

. Smad3, but not Smad2 mediates integrin and RhoA expression in cardiac
fibroblasts.

. Smad3 and Smad?2 regulate expression of planar cell polarity genes.
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Figure 1: All three TGF- isoforms, but not BMPs, or angiotensin |1, activate the Smad2
pathway in isolated cardiac fibroblasts.

Representative western blotting experiments demonstrate that TGF-g1 (10ng/ml), -p2 (10ng/
ml), and-B3 (10ng/ml) markedly incresase C-terminal Smad2 phosphorylation at the S465/
S467 sites in cardiac fibroblasts after 30 min of stimulation (A-D). Quantitative analysis
shows that TGF-Bs significantly increase the pSmad2:Smad2 ratio (B) and accentuate
Smad?2 phosphorylation (C) without affecting levels of total Smad2 protein (D). (**P<0.01,
****n<0.0001 vs. control, n=3-4/group-ANOVA followed by Tukey’s multiple comparison
test). In contrast, BMP2 (50ng/ml), BMP4 (50ng/ml), BMP7 (50ng/ml) and angiotensin Il
(50ng/ml) do not directly activate Smad2 (E-H).

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 19

1500+

*kkk

1000+

0 oMd0°

a

o

o
1

pSmad2+ MFs / mm?

L
F

Figure 2: Smad2 is activated in infarct myofibroblasts.
Dual immunofluorescence combining pSmad?2 staining and a-SMA labeling (to label infarct

myofibroblasts as spindle shaped a-SMA+ cells located outside the vascular media) was
used to identify myofibroblasts exhibiting Smad?2 activation. In control (c) hearts (A, B) a -
SMA immunoreactivity was localized exclusively in vascular mural cells (arrowheads) and
levels of pSmad2 staining were very low. C: After 7 days of permanent coronary occlusion,
abundant myofibroblasts in the infarct zone (7DI) exhibited activation of Smad2 signaling,
evidenced by nuclear localization of pSmad2 (arrows, C). D: Relatively few myofibroblasts
(arrowheads) were noted in the remote remodeling myocardium (7DR) and had negligible
pSmad2 expression. E: Quantitative analysis shows that the density of p-Smad2+
myofibroblasts in healing infarcts peaked after 7 days of permanent coronary occlusion.
(****p<0.0001 vs. sham, n=4-6/group — Kruskall-Wallis non-parametric ANOVA followed
by Dunn’s multiple comparison post-test). Scalebar=20 um
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Figure 3: Effects of myofibroblast-specific Smad?2 loss on cardiac function and adverse
remodeling following myocardial infarction.

Non-reperfused myocardial infarction is associated with marked depression of systolic
function (evidenced by markedly reduced ejection fraction), and severe dilative remodeling
(suggested by increases in LVEDV and LVESV) after 7-28 days of permanent coronary
occlusion in both Smad2 fl/fl and FS2KO groups. FS2KO mice exhibited a modest and
transient protection from adverse remodeling and dysfunction after 7 days of coronary
occlusion. Ejection fraction was significantly higher in FS2KO mice at the 7 day timepoint
(A). In contrast, after 28 days of coronary occlusion, FS2KO mice and Smad?2 fl/fl animals
had no significant differences in ejection fraction (A). LVEDV (B) and LVESV (C) were
significantly lower in FS2KO mice after 7 days, but not after 28 days of coronary occlusion,
suggesting that myofibroblast-specific Smad2 loss was associated with a transient reduction
in dilative post-infarction remodeling. Heart rate (D) was not significantly different between
Smad2 fl/fl and FS2KO mice at the same timepoint (*p<0.05, **p<0.01, ***p<0.001 vs.
S2fl/fl 7D, ~p<0.05, MMp<0.0001 vs. S2fl/fl pre or FS2KO pre-ANOVA followed by
Tukey’s multiple comparison test) (pre-echo: Smad2 fl/fl, n=37; FS2KO, n=38, 7 days:
Smad2 fl/fl, n=37; FS2KO, n=37; 28 days: Smad2 fl/fl, n=17; FS2KO, n=23).
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Figure 4: Fibroblast-specific Smad2 loss does not affect the morphometric characteristics of the
infarcted heart.

In order to examine whether myofibroblast-specific Smad2 loss affects scar remodeling
following myocardial infarction, we performed systematic analysis of morphometric
parameters based on reconstruction of the infarcted ventricle from base to apex (strategy
shown in Supplemental figure V). Scar size (A), infarct volume (B), the volume of the viable
remodeling myocardium (C), and the thickness of the infarcted and non-infarcted walls (D-
E) were comparable between FS2KO and Smad2 fl/fl mice after 7-28 days of coronary
occlusion. ("p<0.05, Mp<0.01, *p<0.001 vs. S2fl/fl 7D or FS2KO 7D, n=7-11/group-
ANOVA followed by Tukey’s multiple comparison test).
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Figure 5: Myofibroblast-specific Smad2 or Smad3 signaling restrain infiltration of the infarcted
heart with a-SMA+ myofibroblasts.

Infarct myofibroblasts were identified after 7 days of coronary occlusion as a-SMA-
immunoreactive cells (arrows), located outside the vascular media (A-L). Quantitative
analysis of myofibroblast density demonstrated that FS2KO mice had increased infiltration
of the infarcted area (1A) and of the border zone (BZ) with myofibroblasts, in comparison to
Smad2 fl/fl animals (A-F, M). Myofibroblast density in remote areas (RA) was comparable
between groups (****p<0.0001, ***p<0.001 vs. S2fl/fl; n=9-10/group). The effects of
Smad? loss were noted in both male (N) and female (O) mice. As we have previously
demonstrated, fibroblast-specific Smad3 loss also increased infiltration of the infarct with
myofibroblasts (G-L, P) (****p<0.0001, n=5-9/group-ANOVA followed by Tukey’s
multiple comparison test). Please note that because of the previously reported high mortality
of male FS3KO mice following infarction (due predominantly to rupture), analysis in this
study is limited to female animals (P). Scalebar=20um.
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Figure 6: Myofibroblast-specific Smad3, but not Smad2 signaling is critical for organization of
myofibroblast arrays in infarcted hearts.

After 7 days of coronary occlusion, infarct myofibroblasts in wildtype mice (identified
through a-SMA immunofluorescence-white arrows), are typically aligned along the
direction of the left ventricular wall (red arrow-A, C). In contrast to the perturbed alignment
of infarct myofibroblasts in FS3KO mice (C-D, white arrows), FS2KO animals exhibited
well-organized myofibroblast arrays (white arrows, A-B). E: Quantitative analysis showed
that infarct myofibroblasts in FS3KO mice had a much lower major to minor axis ratio than
Smad3 fl/fl cells, suggesting round morphology. In contrast, FS2KO mice had an increase in
the major to minor axis ratio of infarct myofibroblasts, reflecting a more elongated
morphology (*p<0.05, ****p<0.0001, n=3-9/group). The average angle of the
myofibroblasts (white arrows) to the direction of the left ventricle (red arrow) was assessed
as a quantitative indicator of cell alignment. The mean angle was significantly higher in
FS3KO mice than in FS2KO animals, (F) (****p<0.0001, n=3-9/group), suggesting that
formation of aligned arrays of polarized infarct myofibroblasts is dependent on Smad3, and
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not on Smadz2 signaling. Statistical analysis was performed using ANOVA followed by
Tukey’s multiple comparison test. Please note that due to the very high mortality of male
FS3KO mice following infarction, comparative analysis in this study was limited to female
mice.
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Figure 7: Smad2 and Smad3 differentially modulate expression of integrins and RhoA in cardiac
fibroblasts.
In order to explain the contrasting in vivo actions of myofibroblast Smad2 and Smad3

signaling, we examined the effects of Smad2 and Smad3 siRNA KD on expression of
integrins and NOX-2 in fibroblasts cultured in collagen pads. We have previously
demonstrated[15] that cardiac fibroblasts harvested from mice with global loss of Smad3
have reduced levels of a2 and a5 integrin and attenuated NOX-2 synthesis. A-B:
Effectiveness and specificity of Smad2 (A) and Smad3 (B) siRNA KD in fibroblasts
populating collagen pads was demonstrated using qPCR. Smad2 KD reduced Smad?2 levels
without affecting Smad3 levels, whereas Smad3 KD attenuated Smad3 synthesis without
significant effects on Smad2 expression. C-D: Smad3 KD, but not Smad2 KD resulted in
marked reduction of a2 and a5 integrin mRNA expression. E: NOX-2 expression on the
other hand was significantly reduced in both Smad2 and Smad3 KD cells (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 vs. control siRNA, n=5-10/group). In order to
examine the effects of Smad2 and Smad3 KD (F-G) on expression levels of planar cell
polarity (PCP) genes (that may play an important role in formation of aligned myofibroblast
arrays in healing infarcts), cardiac fibroblasts cultured in plates were transfected with control
SiRNA (C siRNA), Smad2 siRNA, or Smad3 siRNA. The effectiveness and specificity of
Smad2 and Smad3 KD was demonstrated using gPCR (F, G). A PCR array was performed
to assess levels of Wnt/frizzled family genes (full data provided in Supplemental table 1).
Smad3 KD markedly suppressed RhoA, a downstream effector of the PCP pathway (H). In
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contrast, Smad2 KD increased RhoA expression (H). (***p<0.001, ****p<0.0001 vs. C
SiRNA, n=3-4/group-ANOVA followed by Tukey’s multiple comparison test).
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Myofibroblast polarization and alignment
B Extracellular matrix organization

Figure 8: Schematic cartoons illustrate the contrasting roles of Smad2 and Smad3 in activation
of infarct myofibroblasts following myocardial infarction.

A: TGF-Bs bind and sequentially transphosphorylate type I and type 1l TGF-p receptors
(TBRI, TRRII respectively), leading to downstream phosphorylation of Smad2 and Smad3.
Activated Smad2 and Smad3 form complexes with the common Smad, Smad4 and
translocate to the nucleus, where they may interact with a wide range of transcriptional
activators and repressors and regulate transcription. In activated fibroblasts, Smad3 mediates
expression of surface integrins (ITG), promoting interactions with other cells and the
extracellular matrix (ECM). Moreover, Smad3 mediates expression of RhoA, a downstream
effector of the Wnt/Fz/Vangl2 PCP pathway that may promote fibroblast alignment. In
contrast, Smad?2 does not critically affect a2 and a5 integrin expression and downmodulates
RhoA synthesis. The distinct effects of Smad2 and Smad3 may explain the in vivo
phenotypes observed in mice with fibroblast-specific Smad2 and Smad3 loss. Smad3
knockdown, but not Smad2 loss, perturbs myofibroblast polarization and formation of
aligned myofibroblast arrays in the infarct, a process critical for organization of the healing
scar (B).
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