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Abstract

Rationale: Cardiac hypertrophy, a major risk factor for heart failure, occurs when
cardiomyocytes remodel in response to complex signaling induced by injury or cell stress.
Although cardiomyocytes are the ultimate effectors of cardiac hypertrophy, non-myocyte
populations play a large yet understudied role in determining how cardiomyocytes respond to
stress.

Objective: To identify novel paracrine regulators of cardiomyocyte hypertrophic remodeling.

Methods and Results: We have identified a novel role for a non-myocyte-derived and TGFp1-
induced extracellular matrix protein Microfibrillar-associated protein 4 (MFAP4) in the
pathophysiology of cardiac remodeling. We have determined that non-myocyte cells are the
primary sources of MFAP4 in the heart in response to TGFP1 stimulation. Furthermore, we have
demonstrated a crucial role of MFAP4 in the cardiac adaptation to stress. Global knockout of
MFAP4 led to increased cardiac hypertrophy and worsened cardiac function following chronic
pressure overload. Also, one week of angiotensin-mediated neurohumoral stimulation was
sufficient to exacerbate cardiomyocyte hypertrophy in MFAP4 null mice. In contrast,
administration of exogenous MFAP4 to isolated cardiomyocytes blunted their phenylephrine-
induced hypertrophic growth through an integrin-dependent mechanism. Finally, MFAP4
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deficiency leads to dysregulated integration of G protein-coupled receptor and integrin signaling in

the heart.

Conclusions: Altogether, our results demonstrate a critical paracrine role of MFAP4 in the
development of cardiac hypertrophy and could inform future treatment options for heart failure

patients.
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Introduction

The heart undergoes adaptive remodeling in response to pressure or volume stress, loss-of-
function variants in structural proteins, neurohumoral stimulation, and/or loss of
myocardium through cell death. During this adaptive remodeling, coordinated signaling
mechanisms between multiple cell types induce a wide range of cellular changes aimed at
preserving cardiac function, including extracellular matrix remodeling, immune cell
modulation, neovascularization, and cardiomyocyte hypertrophy. Although cardiomyocyte
hypertrophy is a crucial response for the injured heart to maintain cardiac output short-term,
it is also associated with an increased risk for development of heart failure and arrhythmia L.
Consequently, research in recent years has focused on ameliorating cardiac hypertrophy by
targeting cardiomyocyte-specific pro-hypertrophic signaling 2. While significant progress
has been made in understanding the complex signaling within cardiomyocytes that drives
hypertrophy, the role of non-myocytes in either promoting or ameliorating this hypertrophic
response is less well understood.

A primary master regulator of injury responses across organ systems, including the heart, is
the secreted factor transforming growth factor beta 1 (TGFB1). The ability of TGFp1 to
affect cardiac remodeling has been corroborated by multiple studies 3-8. Receptors for
TGFB1 (TGFPR1 and TGFBR2) are ubiquitously expressed, supporting a role for multiple
cell types in the cardiac response to stress-induced activation of this pleiotropic cytokine.
Although TGFp1 is conventionally viewed as a signal for maladaptive remodeling in the
injured heart, the data support a more nuanced view of the TGF1’s role in regulating
cardiac function. For example, TGFB1 inhibition through neutralizing antibodies does not
ameliorate cardiac pathology and worsens ventricular remodeling in certain cases,
highlighting the complexity of TGFp1 signaling and discouraging a TGFB1-specific
therapeutic approach 2 10, Recent studies adopting genetic manipulation of TGFp1 signaling
specifically in cardiomyocytes or fibroblasts highlighted the beneficial contribution of
TGFp1 for promoting adaptive cardiac remodeling 7 8. Less is known about the contribution
of endothelial cells for TGFB1-dependent regulation of cardiac stress responses. Endothelial
cells, which comprise around 60% of the non-myocyte population in the adult heart and
influence cardiomyocyte signaling in a paracrine manner 1112,

Here we report that TGFB1 induces cardiac expression of microfibril-associated protein 4
(MFAP4) by non-myocytes. MFAP4 is a 36-kDa secreted extracellular matrix glycoprotein
that belongs to the fibrinogen-related protein superfamily and participates in elastic fiber
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formation 13 14 Whereas MFAP4 appears to be redundant for cardiovascular development
and homeostatic cardiovascular function, several studies have proposed a role for MFAP4 in
regulating injury responses 13 15-17 |n this manuscript, we identify the previously
unrecognized importance of MFAP4 as a critical downstream mediator of TGFp1-related
stress responses in the heart.

MFAP4 is a TGFp1-inducible extracellular matrix factor in the heart

In an unbiased approach to define mediators of TGFp1 in the heart, we performed a
genome-wide transcriptome analysis on our previously characterized mouse model of
inducible cardiac expression of active TGF@1 °. This analysis revealed Mfap4 as a top
upregulated gene. MFAP4 is a member of a larger family comprised of five matricellular
proteins with identified roles in organization of elastins and fibrillins within the extracellular
matrix, particularly important in developing tissues and large vessel remodeling 18. To
determine the role of TGFp1 in specific induction of Mfap4 expression, we performed
quantitative-real time polymerase chain reaction (g-RT-PCR or gPCR) measurements on
whole heart extract from wild-type (WT) and cardiomyocyte-restricted TGFp1
overexpressing (TGFP1 TG) mice. TGFB1 specifically induced expression of Mfap4, and
not of the other members of the microfibrillar-associated protein family (Figure 1A). To
confirm MFAP4 induction by TGFp1, we performed immunofluorescence analysis of
MFAPA4 protein levels in cardiac cross-sections from WT and TGFf1-overexpressing mice.
In WT animals, MFAP4 is present sparingly within the myocardial interstitium and more
highly expressed around larger intra-myocardial arterioles, where previous reports have
demonstrated that MFAP4 is expressed by contractile smooth muscle cells 16 (Figure 1B).
TGFB1 overexpression dramatically increased the amount of MFAP4 protein infiltrating the
interstitial space between cardiomyocytes (Figure 1B). As TGFB1 is a secreted factor that
can potentially act on every cell type within a tissue, we then sought to identify the
particular cell type responsible for expressing MFAP4 in response to TGFB1. We cultured
rat endothelial cells (EC), neonatal rat cardiomyocytes, mouse smooth muscle cells, and
neonatal rat cardiac fibroblasts, representing the four major cardiac cell types. Ex vivo
treatment with either vehicle or recombinant TGF@1 for 48 hours revealed that endothelial
cells were able to highly upregulate Mfap4 gene expression following TGFp1 treatment
(Figure 1C). In addition, smooth muscle cells and cardiac fibroblasts showed a modest
increase in this gene while no significant induction was observed in cardiomyocytes,
suggesting strong non-myocyte contribution for this TGFB1-dependent cardiac event. Our
group and others have previously demonstrated that TGFP1 is activated during cardiac
remodeling following various stimuli in both mice and humans 35 7: 8, To test the
translational potential of our finding we analyzed MFAP4 expression in human heart tissue
samples from healthy donors or patients with heart failure. g°PCR and immunofluorescent
analyses revealed that Mfap4 is upregulated in failing human hearts compared with their
nonfailing controls, suggesting evolutionary conservation of Mfap4 induction in injured
hearts (Figure 1D and E). Overall, these results show that MFAP4 expression is induced in
the heart by TGFB1, that non-myocytes are a critical source for this TGFp1-induced factor,
and that MFAP4 may play a role in cardiac remodeling.
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Loss of MFAP4 accelerates cardiac dysfunction and exacerbates cardiomyocyte
hypertrophy following chronic pressure overload

MFAP4 knockout (KO) mice 13- 14. 17 have been extensively characterized previously, and
show no cardiac pathophysiology at baseline 16: 17 We first tested if MFAP4 is induced
following pressure-overload-induced cardiac remodeling by transverse aortic constriction
(TAC) surgery. This analysis confirmed robust induction of Mfap4 following 4 weeks of
pressure overload in WT mice (Figure 2A). This test also ensured that Mfap4 is completely
absent from KO mouse hearts with either sham or TAC surgery (Figure 2A). Induction and
localization of MFAP4 in injured hearts was further characterized by immunostaining.
Similar to the increase in MFAP4 protein amounts and distribution shown in our TGFp1
overexpression model, we found elevated MFAP4 in the myocardial interstitial space of WT
hearts injured by 4 weeks of pressure overload (Figure 2B). In an injury time course we then
found that Mfap4 expression increases already at 2 weeks post-TAC and it is still
upregulated at 8 weeks although to a significantly lower extent, behavior not shared by all
other extracellular matrix proteins tested, suggesting an independent role for secreted
MFAP4 (Online Figure 1A). To test if MFAP4 exerts a primary role in regulating cardiac
remodeling and function post injury, we assessed how the heart responds to stress in the
absence of MFAP4 by independently assessing cardiac function at 2 and 4 weeks post-TAC.
Strikingly, MFAP4 KO animals showed accelerated heart failure progression post-TAC,
which was characterized by echocardiographic measurement of percent left ventricular
ejection fraction which was significantly reduced in MFAP4 KO mice at the 4 weeks time
point (Figure 2C). The cardiac dysfunction observed with MFAP4 loss-of-of function was
accompanied by structural abnormalities such as worsened left ventricular chamber dilation
post-TAC (Online Table I). Importantly, no significant defects were observed in the absence
of pressure overload (sham controls), confirming a predominant role for MFAP4 as an injury
response factor (Figure 2C and Online Table I). Since we have shown that MFAP4 is
induced by TGFB1 in the heart and TGFB1 has established pro-fibrotic functions, we
reasoned that MFAP4 may act in the development of cardiac fibrosis and subsequent
development of cardiac dysfunction. However, when we performed picrosirius red staining
and quantified the resulting fibrosis in our mouse cohorts, we found that the percentage of
either total or perivascular myocardial fibrosis was not significantly different between WT
and MFAP4 KO animals following pressure overload injury (Figure 2D and E, Online
Figure VA and B). However, we noticed an increase in the total heart weight to body weight
ratio, as well as increased cardiomyocyte cross-sectional area, in MFAP4 KO mice with
TAC, two parameters indicative of increased cardiac hypertrophy (Figure 2F-H). These
results were confirmed by validating the differential induction of genes canonically altered
during pathological cardiac hypertrophy (Figure 21). Specifically, pressure-overloaded
MFAP4 KO mice demonstrated changes consistent with exacerbated maladaptive
hypertrophy, including decreased expression of alpha myosin heavy chain (Myh6) with
concomitant increase in fetal beta myosin heavy chain (My#h7), as well as significant
increases over WT animals in the alpha and beta natriuretic peptides (Appaand ANppb) and a
similar trend for skeletal alpha-actin (Actal) (Figure 21). Furthermore, gene expression
analysis of TGFp receptors (Tgfbr) 1 and 2 revealed no significant genotype-dependent
differences in WT and MFAP4 KO hearts either at baseline or after injury, as well as no
significant effect on modulating the expression of these receptors on cardiomyocytes by
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MFAP4 supplementation (Online Figure 1B and C). Importantly, inhibition of MFAP4 in
WT mice post induction of pressure overload through administration of neutralizing
antibodies was sufficient to recapitulate the key results observed using MFAP4 KO mice
(Online Figure I1A and B). Together, the loss of MFAP4 promotes aggravated cardiac
hypertrophy and resulting cardiac dysfunction following chronic pressure overload in mice.

Further characterization of the phenotype underlying the defective stress response of MFAP4
KO mice revealed no significant alteration in gene markers associated with autophagy or cell
death (Online Figure I11A and B). However, TUNEL analysis of apoptotic cells on
histological sections demonstrated a significant increase in the number of apoptotic nuclei in
the MFAP4 KO animals post-TAC (Online Figure 11IC and D). This analysis also
highlighted the presence of infiltrating cells in the MFAP4 KO hearts post-TAC. We
therefore decided to assess if inflammation was affected by the lack of MFAP4. Indeed, we
noticed a greater induction of inflammatory gene markers within the MFAP4 KO hearts after
TAC (Online Figure IVA), which is supported by increased numbers of total leukocytes in
the myocardium of MFAP4 KO as assessed by staining for CD45-positive cells (Online
Figure IVB and C). Overall, MFAP4 KO mice exhibited increased signs of cell death and
inflammation to accompany the exacerbated cardiac hypertrophy and decreased cardiac
function following pressure overload.

MFAP4 loss worsens cardiac hypertrophy after neurohumoral stress

The observation that MFAP4 KO mice have exacerbated cardiac hypertrophy and rapid
functional decompensation following chronic pressure overload stress prompted us to test if
the hypertrophic changes in MFAP4 KO mice would precede functional decline and could
be validated with alternative cardiac stressors. To address these questions, we tested the
effect of MFAP4 loss in a model of neurohumoral-induced cardiac stress by infusing
angiotensin Il (Ang I1) to mice for 1 week via implantable minipump. We first assessed if
MFAP4 expression is responsive to this injury model that is also known to involve TGFf1
signaling. Similar to our pressure overload experiments, angiotensin 11 infusion caused a
significant increase in Mfap4 expression only in WT animals (Figure 3A), whereas Mfap4
was absent in KO animals, as expected (Figure 3A). In addition, immunofluorescence
imaging demonstrated an increase in the amount of MFAP4 protein in WT animals with
angiotensin Il (Figure 3B). One week of angiotensin Il administration did not cause
significant functional deficits in either WT or KO animals via echocardiographic
measurements of percent left ventricular ejection fraction (Figure 3C and Online Table 1).
However, in agreement with our pressure overload studies, MFAP4 KO animals stimulated
with angiotensin 11 exhibited exacerbated cardiac hypertrophy (Figure 3D-F). Specifically,
MFAP4 KO animals had an increased heart weight to body weight ratio (Figure 3D), as well
as larger cardiomyocyte cross-sectional area, compared to WT animals with angiotensin 11
(Figure 3E and F). Angiotensin 1l is a potent activator of fibrosis in mice 19; to ensure that
the effects of MFAP4 loss specifically influence cardiac hypertrophy and not fibrosis, we
performed picrosirius red staining on cardiac cross-sections from WT and MFAP4 KO mice
treated with either vehicle or angiotensin 11 and quantified the resulting fibrosis percentages.
Although angiotensin Il was able to induce fibrotic remodeling in both genotypes, there was
no significant difference in the amount of total or perivascular fibrosis between WT and
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MFAP4 KO mice treated with angiotensin Il (Figure 3G-H, Online Figure VC and D). These
data suggest that, even with a milder cardiac stress induced by infusion of a neurohumoral
agent, the loss of MFAP4 exacerbates cardiomyocyte hypertrophy independent of fibrosis,
and that these changes occur prior to cardiac functional decline.

Exogenous MFAP4 is sufficient to ameliorate cardiomyocyte hypertrophy ex vivo

Since our /n vivo models demonstrated that loss of MFAP4 leads to exacerbated cardiac
hypertrophy with either acute or chronic stressors, we hypothesized that providing
exogenous MFAP4 to cardiomyocytes would ameliorate hypertrophic growth in the presence
of a hypertrophic stimulus. We adopted a simplified model system using primary cultured
neonatal cardiomyocytes, which provides the advantage of studying the direct effects of
MFAP4 independent from other confounding factors. As we found that endothelial cells are
major sources for MFAP4 in the heart, we cultured rat endothelial cells (ECs) and
transfected them with a control plasmid (GFP) or a plasmid encoding for his-tagged MFAP4
(Figure 4A). The cells were allowed to grow under basal conditions (i.e. without serum
addition) for 48 hours, at which point we collected the media and transferred it to neonatal
rat cardiomyocytes. At the same time as media transfer, we treated the cardiomyocytes with
either vehicle (PBS) or the hypertrophic stimulator phenylephrine (PE). Cardiomyocytes
with no endothelial cell media, but treated with either vehicle or phenylephrine in serum-free
media, were used as controls. After 48 hours, we fixed and stained the cardiomyocytes with
antibodies against sarcomeric alpha-actinin to visualize cardiomyocyte cell area. As
expected, addition of phenylephrine to cardiomyocytes without endothelial cell media was
sufficient to significantly increase cell area (Figure 4B and C). Cardiomyocytes treated with
either endothelial cell-control media or endothelial cell-MFAP4 media exhibited an increase
in cell area over baseline, indicating there are certain growth factors present in endothelial
cell media that stimulate cardiomyocyte hypertrophy independent of phenylephrine (Figure
4B and C). However, we observed that even under vehicle-treated (non-hypertrophic)
conditions, endothelial cell media containing exogenous MFAP4 decreased cardiomyocyte
hypertrophy compared to endothelial cell-control media (Figure 4B and C). In addition,
endothelial cell-control media and serum-free media induced a similar degree of
phenylephrine-induced hypertrophy in cardiomyocytes, while cardiomyocytes exposed to
endothelial cell-MFAP4 media showed reduced cell size (Figure 4B and C). Finally, in
support of the negative regulation of hypertrophy by MFAP4, myocytes treated with
endothelial cell-MFAP4 media had reduced expression of the phenylephrine-induced
hypertrophic markers Njppa, Nppb, and Actal (Figure 4D). These results, supporting our
area measurements, suggest that endothelial-derived MFAP4 mitigates the hypertrophic
growth of cardiomyocytes.

To investigate if MFAP4 alone is sufficient to recapitulate the observed effects, we then
treated neonatal rat cardiomyocytes with either bovine serum albumin (BSA) control or
recombinant MFAP4 (rMFAP4), along with phenylephrine, in the media for 48 hours. In
support of our conditioned endothelial-cell media experiments, cardiomyocytes treated with
rMFAP4 showed reduced hypertrophy following phenylephrine treatment when compared to
cells treated with BSA (Figure 5A and B). Furthermore, cardiomyocytes treated with
rMFAP4 also had reduced gene expression of the pro-hypertrophic gene markers Njppa,
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Nppb, and Actal, reinforcing our previous results (Figure 5C). Overall, these data suggest a
direct role for MFAP4 in regulating the hypertrophic growth of cardiomyocytes.

Loss of MFAP4 impairs regulation of pro-hypertrophic signaling in the heart

To dissect the molecular mechanisms by which expression of MFAP4 in the extracellular
matrix regulates hypertrophy, we examined canonical pro-hypertrophic signaling induced
downstream of cell surface receptors. To do this, we injected WT and MFAP4 KO mice with
phenylephrine, a molecule known to stimulate hypertrophic signaling in cardiomyocytes
through G-protein-coupled receptors. Following established protocols we analyzed the
cardiac response to phenylephrine following 0, 5 and 15 minutes of stimulation 20. These
time points were designed to capture the time-sensitive phosphorylation and
dephosphorylation events typical of mitogen activated protein kinases such as extracellular
signal-regulated kinase (ERK1/2), a critical regulator of cardiac hypertrophy. WT animals
demonstrated a distinct phosphorylation of ERK1/2 at 5 minutes following phenylephrine,
and this was quickly reversed such that by 15 minutes, ERK1/2 activation was not
significantly different from baseline (Figure 6A and B). This tightly controlled temporal
activation and deactivation of ERK1/2 is an established and essential event for adaptation to
stress without maladaptive consequences 21, In MFAP4 KO animals, initial ERK1/2
phosphorylation levels were similar to WT at 5 minutes following phenylephrine; however,
this phosphorylation specifically persisted in only MFAP4 KO animals at 15 minutes
following stimulation (Figure 6A and B). This suggests that when MFAP4 is not present,
cardiomyocytes cannot adequately regulate the temporal activation of ERK1/2, and
consequently may not be able to quickly mitigate downstream hypertrophic gene expression.
The MFAP4 sequence contains an Arg-Gly-Asp (RGD) attachment domain that binds
integrins in vascular smooth muscle 16. To test the connection between MFAP4 and cardiac
integrin signaling, we probed the same lysates for phosphorylated focal adhesion kinase
(pFAK) and its downstream mediator, phosphorylated serine/threonine kinase AKT.
Although phenylephrine is not a direct stimulator of this signaling cascade, our analysis
revealed a mild but consistent depression of integrin signaling in MFAP4 KO hearts,
demonstrated by decreased pFAK and pAKT (Figure 6A and B). This is particularly
informative as integrin-mediated cardiac signaling is typically considered to be adaptive for
stress responses, whereas dysregulated G-protein-coupled receptor signaling is considered to
be maladaptive.

To further confirm the direct role of MFAP4 upstream of cardiac integrins, we then studied
its ability to modulate this intracellular signaling in isolated neonatal primary
cardiomyocytes treated with BSA control or rIMFAP4 as well as phenylephrine for a short
time course of 0, 5, 15, and 60 minutes. In agreement with a role for MFAP4 upstream of
integrins, cardiomyocytes treated with rMFAP4 showed increased pFAK expression already
at 5 and 15 minutes following phenylephrine, as well as globally increased pFAK when
compared to total FAK and GAPDH loading control (Figure 7A and B). Similarly, pAKT
was globally increased in rMFAP4-treated cardiomyocytes (Figure 7A and C). In contrast,
pERK1/2 did not show significant differences in expression except at the terminal time point
(Figure 7A and D), likely a result derived by integrin converging onto this pathway.
Furthermore, we have inhibited MFAP4 binding to integrin (using competitive RGD
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peptides) and downstream FAK effector in cultured cardiomyocytes treated with
phenylephrine and either BSA control or rMFAPA4. Strikingly, although rMFAP4 was able
(as previously seen) to ameliorate phenylephrine-induced hypertrophy in isolated
cardiomyocytes, this effect is lost upon either FAK inhibition or RGD-peptide competition,
indicating that MFAP4’s beneficial effect on cardiomyocyte hypertrophy is a direct result of
integrin binding and downstream FAK signaling (Figure 7E and F).

In summary, our data demonstrate a crucial role for non-myocyte-derived TGFf1-induced
MFAP4 as a regulator of cardiac remodeling and controlled hypertrophic signaling following
acute and chronic stress.

All data, material and methods are available on request. Detailed methods can be found as
online supplementary material.

Discussion

The cardiovascular extracellular matrix, comprised of hundreds of proteins that support the
myocardium and vasculature of the heart, also serves a crucial purpose in transducing
molecular signals during homeostatic and injury-response states. Nearly all pathological
conditions in the heart are associated with an expansion and change in the composition of
the cells within the cardiac interstitial matrix. This composition change leads to altered
signaling between cells and complex communication networks between myocytes and non-
myocytes, ultimately modifying cardiac systolic and diastolic function 22: 23, Whereas the
major structural component of the cardiac extracellular matrix is type 1 collagen, other
proteins such as fibronectin, glycosaminoglycans, and proteoglycans contribute to matrix
structure and act as storage sites for growth factors and proteases that may be activated and
released following injury 24. Microfibrillar associated protein 4 (MFAP4) is one such
extracellular matrix protein belonging to the fibrinogen-related domain family, which is
intimately involved in maintaining tissue homeostasis 14 MFAP4 can bind elastin, fibrillin,
and collagen within the extracellular matrix, particularly within large vessel walls, and
thereby regulate the proliferation and migration of smooth muscle cells following injury 8.
Its expression from vascular smooth muscle cells within large arteries and arterioles and
importance in vascular remodeling therein has been extensively studied previously, but the
role of MFAP4 in cardiomyocyte remodeling is not known 6: 25 Our work has revealed
MFAP4 as a novel factor implicated in TGFB1 downstream signaling and tissue remodeling
during stress responses in the heart.

TGFp1 is activated in the stressed myocardium and regulates the function of all cardiac cell
populations involved in remodeling through mechanisms that can be dependent upon the
targeted cell type. This study defined MFAP4 as a central factor for cell-specific TGFB1
signaling in the heart. We showed that TGFp1 induced MFAP4 expression in non-myocyte
cell populations (predominantly in endothelial cells, only mildly in cardiac fibroblasts or
smooth muscle cells), and not at all in cardiomyocytes. Although prior studies have
demonstrated a correlation between MFAP4 expression and hepatic and pulmonary fibrotic
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disease 26-28 our models of cardiac injury did not highlight a strong contribution of MFAP4
to fibrosis. However, we observed greater remodeling of the myocardial interstitium in
injured MFAP4 knockout mice, which was characterized by increased infiltrating
inflammatory cells and evidence of cell death.

Using chronic pressure overload and neurohumoral stimulation, as well as ex vivo isolated
cardiomyocyte systems, we elucidated a protective role for non-myocyte-derived MFAP4 on
maladaptive hypertrophy. Importantly, two recent reports have also identified MFAP4 as
consistently upregulated with pressure overload in mice through multiple gene expression
datasets 15 29, Also, MFAP4 was recently identified as a factor uniquely induced by non-
myocytes following cardiac stress using single cell sequencing, and was also
bioinformatically-identified as a critical non-myocyte-derived secreted factor potentially
affecting cardiomyocyte behaviors 30.

Multiple signaling pathways have been shown to regulate cardiomyocyte hypertrophy, the
primary two being stretch-activated and hormone-activated. Integrins are crucial to stretch-
activated physiological hypertrophic signaling in the heart 31-3%, Importantly, MFAP4
contains an integrin binding domain that could regulate integrin function in cardiomyocytes
16 Indeed, previous studies have shown that MFAP4 interacts with vascular smooth muscle
integrins avp3 and avp5 through an RGD (Arg-Gly-Asp) motif, and is therefore critical for
appropriate neointimal remodeling and hyperplasia following vascular injury 16. Integrins
participate in ‘outside-in signaling’, as they relay signals from the extracellular matrix
through several proteins such as focal adhesion kinase (FAK), vinculin, talin, and via the
downstream mediators AKT and extracellular signal-regulated kinase (ERK), among others.
Integrins do not act in this way in isolation; extensive studies have shown that integrins can
collaborate with growth factors, receptor tyrosine kinases, G-protein-coupled receptors, and
cytokines 3637 In fact, the pro-hypertrophic molecule phenylephrine signals through
pathways that may act in parallel, and perhaps synergistically, with integrins and
extracellularly regulated kinases in particular 37 With this in mind, we observed that MFAP4
knockout animals have markedly dysregulated ERK signaling, due to prolonged temporal
phosphorylation of pro-hypertrophic ERK1/2 following neurohormonal phenylephrine-
dependent stimulation. In wild type conditions ERK1/2 phosphorylation is kept in check by
dual specificity protein phosphatases (DUSP) 38: 39, However, this mechanism is likely
insufficient to mitigate the aberrant ERK1/2 phosphorylation that occurs when
cardiomyocytes are experiencing dysregulated extracellular stimuli as observed in the
absence of MFAP4. Notably, since ERK1/2 is a shared signaling effector between integrins
and G-protein-coupled receptors, it is experimentally challenging to distinguish which
receptor is responsible for the observed phosphorylated pool, complicating our ability to
differentiate downstream protective versus maladaptive consequences. However, in actuality
it is plausible that signaling subdomains operate independently inside cells to differentially
transduce signals from diverse extracellular messengers. Indeed, the mild increase in
ERKZ1/2 phosphorylation that was observed with MFAP4 stimulation on isolated
cardiomyocytes is likely integrin-dependent and not contributing to pathological
hypertrophy. Confirming this is the fact that MFAP4 treatment protected cardiomyocytes
from phenylephrine-driven hypertrophic growth, except under circumstances in which
integrin binding was competitively disrupted by an RGD peptide mimic.
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We also found that, while isolated cardiomyocytes supplemented with recombinant MFAP4
show globally increased activation of FAK and AKT, MFAP4 deficient mice exhibit the
opposite phenomenon, namely, a globally reduced activation of focal adhesion kinase (FAK)
and its downstream target AKT; this is in agreement with the proposed protective and
adaptive role of integrin signaling during cardiac injury. Furthermore, inhibiting FAK
signaling nullified the beneficial effect MFAP4 has in preventing hypertrophy. On the other
hand, dysregulated over-activation of ERK1/2 in MFAP4 null animals is likely mediated by
G-protein-coupled receptor signaling. In this way, loss of protective and adaptive integrin-
mediated signaling may synergize with maladaptive neurohormonal-dependent ERK
signaling to perpetuate the hypertrophic response in animals lacking MFAP4. Although not
yet available for in vivotesting, development of small molecules that specifically activate
RGD-binding integrins could in the future be adopted to rescue not only the MFAP4
knockout heart phenotype but general conditions where MFAP4 expression is not sufficient
to provide adaptation to stress 40. Similarly, intracellular potentiation of integrin pathways in
cardiomyocytes through molecules such as the cardioprotective integrin-binding protein
Melusin could provide a therapeutic advantage when the levels of extracellular activators of
integrins such as MFAP4 are insufficient to prevent stress-induced dysfunction 41 42,

Our study is limited by the lack of availability of MFAP4 conditional knockout animals, for
specifically investigating the importance of specific non-myocyte cell types as cardiac
producers of MFAP4 /n vivo. Similarly, future generation of a MFAP mouse model that
would allow for temporal regulation of MFAP4 genetic inhibition will be important. Despite
our current inability to temporally control MFAP4 deletion with a genetic approach, this
limitation was mitigated by recapitulation of key MFAP loss-of-function phenotypes using
MFAP4 neutralizing antibody treatments that started following stress-induction. Another
consideration that should be highlighted is that more work will be necessary to define
therapeutic dosing for /n vivo modulation of cardiac hypertrophy by exogenous MFAP4
treatment.

In summary, our results support an emerging role for non-myocyte-derived, TGFp1-
dependent extracellular matrix protein MFAP4 in the regulation of cardiac remodeling
following either pressure overload or neurohumoral stimulation. The loss of MFAP4
promoted accelerated hypertrophy and cardiac dysfunction /in vivo, whereas exogenous
administration of MFAP4 ex vivo prevented hypertrophic cell growth in isolated
cardiomyocytes. Finally, the loss of MFAP4 leads to dysregulated hypertrophic signaling in
the heart. Further understanding of how to modulate MFAP4 release from non-myocytes
during cardiac injury may provide new insights on ameliorating hypertrophy in patients with
both acute and chronic cardiac disease.

Supplementary Material
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Novelty and Significance
What is known?

. Transforming growth factor-betal (TGFP1) is a master regulator of cardiac
stress responses

. Cardiomyocyte hypertrophy is regulated by extracellular matrix components
What new information does this article contribute?

. Microfibrillar-associated protein 4 (MFAP4) is secreted by non-myocyte
cardiac cells following TGFB1 activation and pro-hypertrophic stimuli

. MFAP4 exerts anti-hypertrophic paracrine activities on cardiomyocytes
. MFAP4 operates by modulating cardiomyocyte integrin signaling

In summary, our study identifies a pivotal role for MFAP4 in coordinating cardiac stress
responses and mitigating pathologic hypertrophic remodeling of cardiomyocytes post-
injuries. MFAP4 is produced by non-myocyte cells in response to TGFB1 activation and
represents a critical paracrine agent for regulation of cardiomyocyte biology by engaging
physiological integrin signaling. Our work suggests MFAP4 could be exploited as a
protective molecule for adaptation to stress in the heart.
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Figure 1. TGFP1 induces MFAP4 expression.
A. gPCR analysis for Mfap family member gene expression relative to the Rp/7

housekeeping gene in WT (n=3) and TGFp1 overexpressing (TGFp1 TG) (n=7) hearts.
(Mann-Whitney test results: Mfap4*p=0.0167). B. Immunofluorescence staining of MFAP4
(green) and wheat germ agglutinin (WGA; red) in hearts from the indicated genotypes. Scale
bar, 200 um. C. gPCR analysis of Mfap4 expression relative to Rp/7in rat endothelial cells
(EC) (n=4), rat cardiomyocytes (Cardiom.) (n=3), rat smooth muscle cells (SMC) (n=6) and
rat cardiac fibroblasts (Fibrob.) (n=14) treated with either vehicle or recombinant TGFp1
(rTGFR1). (Mann-Whitney test results: EC *p=0.0286; Student’s t test results: SMC
*p=0.0202; Fibrob. *p=0.0000027). D. gPCR analysis of MFAP4 expression relative to

RPL 7from nonfailing or failing human hearts (n=8). (Student’s t test results: Mfap4
*p=0.0049). E. Immunofluorescence staining of MFAP4 (green) and wheat germ agglutinin
(WGA,; red) in human failing and nonfailing hearts. Scale bar, 200 um.
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Figure 2. MFAP4 KO mice demonstrate cardiac dysfunction and altered cardiac remodeling
following chronic pressure overload.

A. gPCR analysis for Mfap4 relative to Rp/7in the indicated groups. (WT and KO sham
n=5, WT TAC n=8, KO TAC n=12). (Two-way ANOVA results: WT sham vs TAC
p=0.0678; WT vs KO TAC #p=0.00075). B. Immunofluorescence staining of MFAP4
(green) and wheat germ agglutinin (WGA; red) in hearts from the indicated groups. Scale
bar, 500 um. C. Echocardiographic quantification of percentage ejection fraction in WT and
MFAP4 KO mice prior to surgery (pre-op) and every two weeks after induction of pressure
overload. (WT sham pre-op n=9, KO sham pre-op n=5, WT TAC pre-op n=12, KO TAC pre-
op n=10; WT sham 2 weeks n=10, KO sham 2 weeks n=9, WT TAC 2 weeks n=12, KO TAC
2 weeks n=10; WT sham 4 weeks n=5, KO sham 4 weeks n=5, WT TAC 4 weeks n=5, KO
TAC 4 weeks n=7). (Two-way ANOVA results for 2 wks time point: WT sham vs TAC
*p=0.0112; KO sham vs TAC *p=0.000175; 4 wks time point; WT sham vs TAC
*p=0.00042; KO sham vs TAC *p=0.0000012; WT vs KO TAC #p=0.0421). D.
Representative picrosirius red — stained cardiac cross-sections from WT and MFAP4 KO
mice following 4 weeks of sham or pressure overload (TAC) surgery. Scale bar, 1 mm. E.
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Quantification of percent fibrosis from picrosirius red - stained cardiac cross-sections in the
indicated groups after sham or pressure overload (TAC) surgery. (WT and KO sham n=5,
WT TAC n=5, KO TAC n=7). (Two-way ANOVA results: WT sham vs TAC *p=0.0079; KO
sham vs TAC *p=0.0060). F. Gravimetric analysis of heart weight to body weight ratio
(HW/BW) in the indicated groups 4 weeks after sham or pressure overload (TAC) surgery.
(Two-way ANOVA results: WT sham vs TAC *p=0.000017; KO sham vs TAC
*p=0.0000086). G. Representative images of WGA-stained cardiac cross-sections of WT or
MFAP4 KO mice 4 weeks after sham or pressure overload (TAC) surgery. Scale bar, 50 um.
H. Quantification of cardiomyocyte cross-sectional area based on WGA-stained cardiac
cross-sections in the indicated groups. (WT sham n=5, KO sham n=3, WT TAC n=3, KO
TAC n=5). (Two-way ANOVA results: WT sham vs TAC p=0.0832; KO sham vs TAC
*p=0.00019; WT vs KO TAC #p=0.0420). 1. qPCR analysis for hypertrophic gene
expression relative to Rp/7in the indicated groups. (WT and KO sham n=5, WT TAC n=3,
KO TAC n=7). (Two-way ANOVA results - Njppa. KO sham vs TAC *p=0.000030; WT vs
KO TAC #p=0.0037. - Nppb. WT sham vs TAC *p=0.0201; KO sham vs TAC
*p=0.0000098; WT vs KO TAC #p=0.0022. - Myh6. WT sham vs TAC p=0.0560; KO sham
vs TAC *p=0.00011. - Myh7: KO sham vs TAC *p=0.000087; WT vs KO TAC p=0.0641. -
Actal: WT sham vs TAC *p=0.0037; KO sham vs TAC *p=0.000055).
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Figure 3. MFAP4 KO mice develop increased hypertrophy with angiotensin Il treatment.
A. gPCR analysis for Mfap4 relative to Rp/7in the indicated groups (all n=5) after 1 week

of angiotensin (Angll) or vehicle (Veh) treatment. (Two-way ANOVA results: WT Veh vs
Angll *p=0.0045; WT vs KO Angll #p=0.00090). B. Immunofluorescence staining of
MFAP4 (green) and wheat germ agglutinin (WGA,; red) in the indicated groups. Scale bar,
500 um. C. Echocardiographic quantification of percentage ejection fraction in WT and
MFAP4 KO mice following 1 week of vehicle or Angll treatment (all groups n=5). (Two-
way ANOVA results: WT Veh vs Angll p=0.0779). D. Gravimetric analysis of heart weight
to body weight ratio (HW/BW) in the indicated groups 1 week after vehicle or Angll
administration (all groups n=5). (Two-way ANOVA results: WT Veh vs Angll p=0.0579;
KO Veh vs Angll *p=0.0062; WT vs KO Angll p=0.0757). E. Quantification of
cardiomyocyte cross-sectional area from WGA - stained cardiac cross-sections in the
indicated groups (WT Veh n=4, KO Veh n=5, WT and KO Ang n=5). (Two-way ANOVA
results: WT Veh vs Angll *p=0.0041; KO Veh vs Angll *p=0.000000030; WT vs KO Angll
#p=0.000012). F. Representative images of WGA — stained cardiac cross-sections in the
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indicated groups. Scale bar, 50 pm. G. Representative images of picrosirius red — stained
cardiac cross-sections in the indicated groups. Scale bar, 1. mm. H. Quantification of percent
fibrosis from picrosirius red - stained cardiac cross-sections in the indicated groups (WT Veh
n=9, KO Veh n=8, WT Ang n=10, KO Ang n=9). (Two-way ANOVA results: WT Veh vs
Angll *p=0.0050; KO Veh vs Angll *p=0.0078).
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Figure 4. Exogenous endothelial-derived MFAP4 blunts cardiomyocyte hypertrophy.
A. Western blots from rat endothelial cell transfected with GFP control plasmid (Ctrl) or

His-tagged MFAP4 (MFAP4) showing MFAP4 expression through His antibodies and
GAPDH loading control. B. Representative images of neonatal rat cardiomyocytes treated
with either vehicle or phenylephrine (PE), in either serum-free (SF) media, endothelial cell
(EC) conditioned media control (EC ctrl media), or conditioned media from EC
overexpressing MFAP4 (EC MFAP4 media). Staining shows a-actinin (green). Scale bar, 50
um. C. Quantification of cardiomyocyte area in the indicated groups (n=100). (Two-way
ANOVA results: SF vs EC-Ctrl *p=0.000000000098; SF vs EC-MFAP4 *p=0.0000053; EC-
Ctrl vs EC-MFAP4 #p=0.00019; SF vs SF PE *p=0.00000000011; EC-Ctrl vs EC-Ctrl PE
*p=0.0000077; EC-MFAP4 vs EC-MFAP4 PE *p=0.0000000055; SF PE vs EC-MFAP4 PE
$p=0.0055; EC-Ctrl PE vs EC-MFAP4 PE #p=0.0268). D. gPCR analysis of hypertrophic
gene expression relative to Rp/7in the indicated groups (n=3). (Two-way ANOVA results
for - Njppa. EC-Ctrl vs EC-Ctrl PE *p=0.00019; EC-MFAP4 vs EC-MFAP4 PE *p=0.0125;
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EC-Ctrl PE vs EC-MFAP4 PE #p=0.00096. - Ajppb. EC-Ctrl vs EC-Ctrl PE *p=0.00058;
EC-Ctrl PE vs EC-MFAP4 PE #p=0.0044. - Actal: EC-Ctrl vs EC-Ctrl PE *p=0.0435).
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Figure 5. MFAP4 is sufficient to prevent phenylephrine-driven cardiomyocyte hypertrophy.
A. Representative images of neonatal rat cardiomyocytes treated with BSA control or

recombinant MFAP4 (rMFAP4) plus vehicle (Veh) or phenylephrine (PE). Staining shows a-
actinin (green). Scale bar, 50 pm. B. Quantification of cardiomyocyte area in the indicated
groups (n=100). (Two-way ANOVA results: BSA vs rMFAP4 #p=0.0001; BSA vs BSA PE
*p=0.000000012; rIMFAP4 vs rMFAP4 PE *p=0.0058; BSA PE vs rMFAP4 PE
#p=0.000000000052.) C. qPCR analysis of hypertrophic gene expression relative to Rp/7in
the indicated groups (n=3). (Two-way ANOVA results for - Mppa: BSA vs BSA PE
*p=0.0150; BSA PE vs rMFAP4 PE #p=0.0454. - Nppb: BSA vs BSA PE *p=0.0014;
rMFAP4 vs rIMFAP4 PE *p=0.0219; BSA PE vs rMFAP4 PE #p=0.0249. - Actal. BSA vs
rMFAP4 p=0.0619; BSA vs BSA PE *p=0.00014; rMFAP4 vs rMFAP4 PE *p=0.0050; BSA
PE vs rMFAP4 PE #p=0.00058).
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Figure 6. MFAP4 is required for regulated hypertrophic signaling.
A. Western blots for the indicated proteins from cardiac extracts from WT or MFAP4 KO

mice injected with phenylephrine (PE) and sacrificed at the indicated time points. B.

15 0 5 15 mins
WT MFAP4 KO

Quantification of expression of the indicated proteins in the indicated groups (n=3) based on
the Western blots in A. p=phospho; t=total. (Two-way ANOVA results for - pERK1/2: WT
baseline to 5 minutes PE *p=0.00000050; KO baseline to 5 minutes PE *p=0.0000010; KO
baseline to 15 minutes PE *p=0.0000000072; WT 15 minutes PE to KO 15 minutes PE
#p=0.000000043. - pFAK: WT baseline to 5 minutes PE *p=0.0252; WT baseline to 15
minutes PE *p=0.0270; WT 5 minutes PE to KO 5 minutes PE #p=0.0017; WT 15 minutes
PE to KO 15 minutes PE #p=0.0026; Mann-Whitney test results for total WT to total KO
#p=0.00049. - pAKT: WT 15 minutes PE to KO 15 minutes PE #p=0.0066; Mann-Whitney
test results for total WT to total KO #p=0.0078).
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Figure 7. MFAP4 directly regulates integrin signaling in cardiomyocytes.
A. Western blots for the indicated proteins from neonatal rat cardiomyocyte extracts treated

with BSA control or recombinant MFAP4 (rMFAP4) plus PE for the indicated times
(min=minutes). B-D. Quantification of expression of the indicated proteins in the indicated
groups (n=3) based on western blots in A. p=phospho. t=total. (Two-way ANOVA results for
- pFAK: total BSA vs total rMFAP4 #p=0.0004. - pAKT: rMFAP4 0 vs 60 minutes PE
*p=0.0065; BSA vs rMFAP4 at 60 minutes PE #p=0.0223; total BSA vs total rMFAP4
#p=0.0002. - pERK1/2: BSA 0 vs 5 minutes PE *p=0.000000010; BSA 0 vs 15 minutes PE
*p=0.00000091; rMFAP4 0 vs 5 minutes PE *p=0.0000000055; rMFAP4 0 vs 15 minutes
PE *p=0.00000023; rMFAP4 0 vs 60 minutes PE *p=0.0070). E. Representative images for
neonatal rat cardiomyocytes treated with BSA control or recombinant MFAP4 (rMFAP4)
plus vehicle (\Veh), phenylephrine (PE), FAK inhibitor (FAKIi), or cyclic RGD peptide
(RGD). Staining shows a-actinin (green). Scale bar, 50 um. F. Quantification of
cardiomyocyte area in the indicated groups (n=100). (Two-way ANOVA results: BSA vs
BSA PE *p=9.91x10718; BSA vs BSA PE FAKi *p=0.0000000072; BSA vs BSA PE RGD
*p=6.01x10716; BSA PE vs BSA PE FAKi $p=0.000080; rMFAP4 vs rMFAP4 PE
*p=0.00000089; rMFAP4 vs rMFAP4 PE FAKi *p=1.92x10730; rMFAP4 vs rMFAP4 PE
RGD *p=1.75x10"27; rMFAP4 PE vs rMFAP4 PE FAKi $p=0.00012; rMFAP4 PE vs
rMFAP4 PE RGD $p=0.0000055; BSA vs rMFAP4 #p=0.00000024; BSA PE vs rMFAP4
PE #p=7.35x10"20; BSA PE RGD vs rMFAP4 PE RGD #p=0.0099).
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