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Myocardin-related transcription factors control the motility of

epicardium-derived cells and the maturation of coronary vessels
Michael A. Trembley'2*, Lissette S. Velasquez'-*, Karen L. de Mesy Bentley® and Eric M. Small'-2#

ABSTRACT

An important pool of cardiovascular progenitor cells arises from the
epicardium, a single layer of mesothelium lining the heart. Epicardium-
derived progenitor cell (EPDC) formation requires epithelial-to-
mesenchymal transition (EMT) and the subsequent migration of
these cells into the sub-epicardial space. Although some of the
physiological signals that promote EMT are understood, the functional
mediators of EPDC motility and differentiation are not known. Here, we
identify a novel regulatory mechanism of EPDC mobilization.
Myocardin-related transcription factor (MRTF)-A and MRTF-B (MKL1
and MKL2, respectively) are enriched in the perinuclear space of
epicardial cells during development. Transforming growth factor
(TGF)-B signaling and disassembly of cell contacts leads to nuclear
accumulation of MRTFs and the activation of the motile gene
expression program. Conditional ablation of Mrifa and Mritfb
specifically in the epicardium disrupts cell migration and leads to sub-
epicardial hemorrhage, partially stemming from the depletion of
coronary pericytes. Using lineage-tracing analyses, we demonstrate
that sub-epicardial pericytes arise from EPDCs in a process that
requires the MRTF-dependent motile gene expression program. These
findings provide novel mechanisms linking EPDC motility and
differentiation, shed light on the transcriptional control of coronary
microvascular maturation and suggest novel therapeutic strategies to
manipulate epicardium-derived progenitor cells for cardiac repair.
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INTRODUCTION

The formation of a functioning heart depends upon the coordinated
migration and differentiation of a progenitor cell population from
the epicardium, a single cell layer of mesothelium lining the heart.
Epicardium-derived progenitor cells (EPDC) arise following
epithelial-to-mesenchymal transition (EMT) (Martinez-Estrada
etal., 2010; von Gise et al., 2011), and impact heart development
by secretion of paracrine factors or by directly contributing to
various cardiac lineages, including vascular endothelial cells
(ECs), vascular smooth muscle cells (SMCs) and fibroblasts (Cai
etal., 2008; Dettman et al., 1998; Li et al., 2011; Martinez-Estrada
et al., 2010; Mikawa and Gourdie, 1996; Tian et al., 2013; Wilm
et al., 2005; Zhou et al., 2008). Physical disruption or ablation of
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the epicardium leads to aberrant vascular plexus formation and
myocardial hypoperfusion, highlighting the role of EPDCs in
coronary vessel formation (Eralp et al., 2005; Gittenberger-de
Groot et al., 2000; Manner et al., 2005). Epicardial cells can also
become migratory in the adult, providing a potential source of
resident progenitor cells that have the capacity to repopulate
damaged cardiac tissue (Lepilina et al., 2006; Limana et al., 2007,
Smart et al., 2011; Zhou et al., 2011).

Epicardial EMT is regulated by a complex combination of
extracellular molecules, including Wnts, platelet-derived growth
factor (PDGF), transforming growth factor (TGF)-B, fibroblast
growth factor, and retinoic acid (Austin et al., 2008; Kim et al.,
2010; Mellgren et al., 2008; Merki et al., 2005; Pennisi and
Mikawa, 2009). These upstream signals are thought to impact upon
EMT partially through the induction of Snail and Snai2 expression
(Martinez-Estrada et al., 2010). However, recent evidence suggests
that canonical pathways might not be essential for epicardial EMT
(Casanova et al., 2013). More importantly, the functional
mediators of EPDC mobilization and cell motility remain poorly
defined.

Serum response factor (SRF) controls gene expression by
binding to and activating a DNA element called a CArG box
(CCA/T¢GG) (Miano, 2003). Although SRF is expressed in
multiple tissues, including the epicardium (Lu et al., 2001; Nelson
et al.,, 2004), SRF-dependent gene expression largely depends
upon the availability of tissue-specific or signal-responsive
cofactors (Olson and Nordheim, 2010; Wang et al., 2001,
2004). Cell motility and contractility is driven by interactions
between SRF and myocardin-related transcription factor-A
(MRTF-A, also known as MKL1, MAL and BSAC) and MRTF-B
(MKL1) (Medjkane et al., 2009; Olson and Nordheim, 2010; Wang
et al., 2002). In vitro, MRTFs are sequestered in the cytoplasm
through interactions with G-actin; however, upon mechanical
tension, TGF-B stimulation or Rho-kinase (ROCK) activation,
changes in actin dynamics allow for MRTF nuclear accumulation
(Busche et al., 2010; Fan et al., 2007; Guettler et al., 2008; Miralles
etal., 2003; Olson and Nordheim, 2010; Sandbo et al., 2011; Small
et al., 2010). Genetic deletion of Mrtfa in mice disrupts the
differentiation of mammary myoepithelial cells (Li et al., 2006),
attenuates myofibroblast differentiation and scar formation in
various injury models (Small et al., 2010; Zhou et al., 2013),
and blocks metastatic cancer cell migration (Medjkane et al., 2009).
In contrast, Mrtfb deletion results in embryonic lethality
at midgestation, largely attributed to reduced vascular SMC
differentiation and aortic arch malformation (Li et al., 2005; Oh
et al.,, 2005). MRTF-A and -B play redundant roles in certain
contexts, such as neuronal migration and retinal vessel growth
(Mokalled et al., 2010; Weinl et al., 2013). Taken together, MRTFs
link extracellular signals and cytoskeletal dynamics to a gene
expression program that drives cell contractility, motility and
differentiation.
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Here, we show that MRTF-A and -B play a crucial role in coronary
vessel maturation and integrity by stimulating EPDC motility and
mobilizing cardiovascular progenitors. We demonstrate that MRTFs
are enriched in the epicardium prior to EMT and are required and
sufficient for EPDC migration in vitro and in vivo. Mice that lack
both Mrtfa and Mrtfb in the epicardium display disorganized
coronary plexus formation, EC dysfunction and sub-epicardial
hemorrhage, stemming in part from the depletion of epicardium-
derived coronary pericytes. These findings provide novel insight into
the developmental mechanisms driving coronary vessel formation
and might lead to strategies for cardiac repair.

RESULTS

SRF and MRTFs are expressed in the epicardium

To test whether members of the SRF-MRTF signaling axis are
expressed in a manner consistent with potentiating epicardial EMT
and EPDC differentiation, we isolated epicardial cells from
embryonic day (E)I1.5 embryos by outgrowth from cardiac
explants (Austin et al., 2008). Expression analysis by quantitative
real-time RT-PCR (qPCR) revealed robust expression of various
epicardial marker genes, including Wtl, Tcf21 and Krtl4, and low
expression of cardiomyocyte genes (Myh7 and Nkx2-5), confirming
the purity of our culture system (Fig. 1A). Srf'is expressed in both
EPDCs and whole heart fractions (Fig. 1A). Somewhat unexpectedly,
although myocardin (Myocd) displayed cardiomyocyte-specific
expression, both Mrtfa and Mrtfb showed significant enrichment in
EPDCs (Fig. 1A).

Staining with an antibody that recognizes both MRTF-A and
MRTF-B (supplementary material Fig. SIA-D) confirmed the
enrichment of MRTF proteins in the epicardium (Fig. 1B,C;
supplementary material Fig. S1E,F). Robust epicardial and
endocardial expression was observed at E11.5 and E13.5, and
MRTFs were found to colocalize with WT1-positive epicardial
cells in an expression domain distinct from cardiac troponin T2
(TNNT2)-positive myocardium (Fig. 1B,C). Beginning at ~E15.5,
MRTFs are enriched in cells within the myocardial wall, including
interstitial and vascular cells, indicative of an epicardial origin
(supplementary material Fig. S1E). By E17.5, MRTFs are
expressed in the epicardium, sub-epicardial mesenchymal cells,
interstitial cells and vascular cells (supplementary material Fig.
S1F). Although MRTFs are primarily localized to the perinuclear
space, we occasionally observed nuclear accumulation in the
epicardium and sub-epicardial mesenchymal cells. Taken
together, these data show that SRF and MRTFs are expressed in
a spatial and temporal manner consistent with a role in epicardial
EMT and EPDC migration.

SRF and MRTFs are required for the epicardial motile gene
program

To examine the potential role of SRF and MRTFs in epicardial
EMT, we first asked whether MRTF-A shuttled to the nucleus of
epicardial cells in a manner consistent with stimulating their
motility. Epicardial-mesothelial cells (EMCs) (Wada et al., 2003)
were transduced with an epitope-tagged MRTF-A adenovirus and
stimulated to undergo EMT by treatment with TGF-B1. TGF-B1
treatment led to a striking accumulation of MRTF-A within the
nucleus, primarily in cells migrating out of the periphery of the
culture (Fig. 2A,B).

Next, we manipulated SRF or MRTF levels and examined
markers of EMT and cell motility. Compared with control serum-
starved EMC cultures, which displayed minimal ACTA2 (also
known as SMA, smooth muscle o actin) staining, ~12-fold
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Fig. 1. MRTFs are expressed in the epicardium. (A) gPCR analysis of
primary EPDC cultures and corresponding EPDC-depleted E11.5 hearts. ND,
not detected. Data represent the meants.e.m. [n=7 (heart) or n=4 (EPDC)];
**P<0.01; ***P<0.001; ****P<0.0001. (B,C) Co-immunofluorescent staining of
E11.5 and E13.5 ventricles using antibodies directed against MRTF (green)
and TNNT2 (red, B) or WT1 (red, C). MRTF proteins are enriched in the
epicardium (arrows) and endocardium (asterisks). Nuclear accumulation of
MRTF is observed in a subset of epicardial cells (arrowheads). d, diaphragm; v,
ventricle. Scale bars: 20 ym.

overexpression of MRTF-A driven from an adenoviral vector
(supplementary material Fig. S2A,B) resulted in robust staining that
was localized to stress fibers (Fig. 3A). Zona occludens protein 1
(ZO1; also known as TJP1 — Mouse Genome Informatics), which
marks epithelial tight junctions and is disrupted upon mesenchymal
transformation (Kim et al., 2010), was lost in MRTF-A-transduced
cells that also expressed high levels of ACTA2 (Fig. 3B). These cells
exhibited an elongated morphology indicative of mesenchymal
cells, in contrast to the ‘cobblestone-like’ epithelial arrangement in
control cultures.

Similarly, TGF-B1-stimulated primary epicardial cells isolated
from embryos harboring a homozygous null allele of Mrtfa and
floxed alleles of Mrifb displayed robust ACTA2-positive stress
fibers associated with well-defined vinculin (VCL)-positive focal
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Fig. 2. MRTF nuclear accumulation is regulated by TGF-g1 and cell
contact. (A) Serum-starved EMCs transduced with HA-tagged MRTF-A
adenovirus and treated with TGF-B1 (10 ng/ml) or vehicle. HA immunostaining
identifies nuclear MRTF-A at the center or periphery of EMC monolayers.
Scale bar: 25 pm. (B) Quantification of the data presented in A. Nuclear
accumulation of MRTF-A was significantly enhanced by both TGF-B1 and low
cell confluence as determined by a two-way ANOVA. Data show the meants.e.m.
(>1000 cells scored per treatment group within three independent
experiments). ****P<0.0001; NS, not significant (Tukey post-hoc test).

adhesions (Fig. 3C,D). In contrast, transduction with a Cre-
expressing adenoviral vector resulted in the efficient deletion of
the Mrtfb allele (supplementary material Fig. S2C; called MRTF
dKO), a near complete elimination of ACTA2 staining (Fig. 3C) and
focal adhesion disassembly (Fig. 3D). The alteration of ACTA2
protein levels upon MRTF-A overexpression and knockout was
substantiated by western blotting (Fig. 3E,F).

gPCR analysis confirmed that MRTF dKO EPDCs displayed a
significant reduction in the expression of the SMC and cell motility
markers Acta2, Cnnl, Tagln (SM22), myosin light chain kinase
(Mylk), Rho-associated protein kinase 1 (Rockl), thymosin b4
(Tmsb4x), tropomyosin 1 (Tpml) and Vecl, and the extracellular
matrix (ECM)/mesenchyme markers Colla2, Col3al and Fnl
(Fig. 3G). In contrast, MRTF dKO EPDCs retained the expression
of epithelium/epicardium markers (Krt/4 and Tcf21). The
attenuation of ACTA2 staining and cell motility gene expression
was also confirmed upon deletion of Srf in primary epicardial
explant cultures (supplementary material Fig. S3A,B). Surprisingly,
the reduced motile gene program in MRTF dKO EPDCs was not
associated with a reduced gene expression of Twistl, Snail or
Snai2, which are important transcriptional regulators of the EMT
program (Fig. 3G).

SRF and MRTFs are required for epicardial cell migration
Although the motile gene expression program is altered in SRF-null
and MRTF dKO epicardial cells, these cells might still take on
mesenchymal characteristics and migrate into the sub-epicardial
space of the intact heart. Therefore, we undertook an ex vivo
embryonic heart culture assay to track EPDC migration following
transduction with a GFP-expressing adenovirus, previously
reported to label only the epicardium (Mellgren et al., 2008).
Hearts of E12.5 embryos co-transduced with an MRTF-A-
expressing adenovirus and cultured until the equivalent of E14.5
displayed exaggerated and disorganized migration of GFP-positive
EPDCs into the sub-epicardial space and beyond, which was
associated with a disruption of the type IV collagen (CollV)-
positive epicardial basement membrane (Fig. 4A,B). In contrast,
deletion of either Mrifa and Mrtfb (Fig. 4C) or Srf (supplementary
material Fig. S3C) with a Cre-expressing adenovirus significantly
attenuated EPDC migration across the CollV-positive basement
membrane. Quantification of the movement of EPDCs revealed a
75% reduction in migration in MRTF-depleted hearts (Fig. 4D) and
a 25% reduction in SRF-depleted hearts (supplementary material
Fig. S3D).

We also examined the role of MRTFs in the migration of primary
EPDCs using an in vitro scratch wound assay. Deletion of MRTFs
with a Cre adenovirus significantly abrogated wound closure
(Fig. 4E,F). We observed a similar reduction in the migration of
SRF-knockout EPDCs (supplementary material Fig. S3E,F).
Altered proliferation of EPDCs is unlikely to account for the
differences in wound closure, as we observed equivalent numbers of
cells positive for Ki67 in the MRTF dKO cultures (supplementary
material Fig. S3G,H). These data suggest the SRF-MRTF gene
regulatory axis is necessary and sufficient for epicardial cell
motility.

MRTFs are required for epicardial integrity

To ascertain the functional role of SRF-MRTF-dependent
transcriptional regulation of EPDC motility during embryonic
development, we utilized the tamoxifen-inducible W¢]CrERT2
mouse line (Rudat and Kispert, 2012; Zhou and Pu, 2012) to
delete the conditional Mrifb allele in mice harboring a global
Mrtfa deletion. Tamoxifen administration at E9.5 and E10.5 led
to consistent and specific recombination in the epicardium as
demonstrated by B-galactosidase (Bgal) expression from the Cre
reporter locus (Rosa'®?) (supplementary material Fig. S4A,B).
Isolation of EPDCs from mice lacking both Mrtfa and Mrtfb in the
epicardium from E9.5 onward (called MRTFPPKO) revealed
~50-70% reduction of Mrtfb in EPDCs, but no change of
expression within the myocardium (supplementary material
Fig. S4C).

Gross examination of MRTF®PPKO embryos revealed sub-
epicardial hemorrhage at E15.5 and E17.5 (Fig. SA; supplementary
material Fig. S5A,B). Quantification by three blinded reviewers
based upon a phenotypic severity scale (supplementary material
Fig. S5A) confirmed extreme sub-epicardial hemorrhage in ~50%
of MRTFPPKO embryos (Fig. 5B; supplementary material
Fig. S5C). Sub-epicardial hemorrhage was also observed in
embryos devoid of Srf in EPDCs (supplementary material
Fig. S5D,E). Hematoxylin and Eosin (HE)-stained hearts from
MRTFPIPKO  embryos displayed a non-adherent epicardium
(supplementary material Fig. S6A). Proliferation of epicardial
cells was subtly but not significantly reduced in MRTFePIPKO
embryos, as demonstrated by co-staining for Ki67 and WTI1
(supplementary material Fig. S6B,C).
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Fig. 3. MRTFs are required for the
epicardial motile gene program.

(A) Adenovirus expressing MRTF-A
(Ad/MRTF-A) in serum-starved EMCs
induced robust ACTA2 protein
expression compared with Bgal
(control)-transduced cultures. (B) ZO1
staining corresponding to A.

(C,D) EPDCs isolated from Mrtfa™;
Mrtip™™ embryos, cultured in 1% serum
and transduced with adenovirus
expressing pgal (control) or Cre
(MRTF dKO) were treated with TGF-31
and immunostained for ACTA2 (C)

or VCL (D). Scale bars: 25 um. (E,

F) Western blot analysis of serum-
starved EMCs transduced with control
or Ad/MRTF-A (E) or TGF-p1-treated
EPDCs isolated from Mrtfa™=; Mrtfo™"
embryos and transduced with
adenovirus expressing Bgal or Cre (Ad/
Cre) (F). (G) gPCR analysis of TGF-p1-
treated Mrtfa™~; Mrtfb™" EPDCs
transduced with control or Cre
adenovirus. ND, not detectable. Data
are presented as the meants.e.m.
(n=6-7 per group; data represent at
least two independent experiments);
*P<0.05; **P<0.01; ***P<0.001;
****P<0.0001.
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We next examined the ultrastructure of E15.5 hearts by
transmission electron microscopy (TEM). Hearts isolated from
control embryos displayed a highly organized epicardium in close
apposition with underlying sub-epicardial mesenchymal cells and
cardiomyocytes (Fig. 5C; supplementary material Fig. S7). In
contrast, MRTFPPKO hearts displayed a profoundly disorganized
epicardial layer that was often dissociated from the underlying
myocardium. Individual collagen bundles were displaced from the
basal lamina within the sub-epicardial lesion, which was often filled
with blood cells and protein-rich exudate (Fig. 5C; supplementary
material Fig. S7). Occasionally, MRTF**'PKO embryos displayed
aberrant ECM organization within the sub-epicardial space
(supplementary material Fig. S7).

MRTEFPIPKO embryos were observed at a normal Mendelian ratio at
E11.5,E13.5 and E15.5. Although we observed fewer MRTFePIPKO
embryos than expected at E17.5, this failed to reach significance
(supplementary material Table S1). Given that we were unable to
evaluate postnatal viability owing to non-specific tamoxifen-
associated lethality, we next utilized a Wt “BAC transgenic mouse
line to delete Mrtfb within the epicardium of Mrtfa-null embryos
(called MRTFBACKO) (Wessels et al., 2012). MRTFBACIKO embryos
phenocopied the deficits in the mesenchymal gene program observed
upon tamoxifen-mediated deletion (M.A.T. and E.M.S., data not
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shown). Importantly, 5 out of 16 MRTFBACIKO offspring died within
48 h of birth, resulting in ~50% of the expected number of this
genotype (P=0.0113; supplementary material Table S2). These data
suggest that loss of MRTF expression in the epicardium causes a
~50% penetrant sub-epicardial hemorrhage phenotype invariably
resulting in embryonic or neonatal lethality.
Disruption of coronary angiogenesis in MRTF°P"°*° embryos
To gain insight into the structural basis of sub-epicardial
hemorrhage in MRTFPIPKO embryos, we visualized the growing
EC plexus by whole-mount PECAM1 (also known as CD31)
staining. Control embryos display angiogenic sprouting from the
sinus venosus and sub-epicardial growth of the primary
endothelial plexus, which reaches the apex of the heart by
~E14.5 (Red-Horse et al., 2010). E13.5 MRTFPPKO hearts
presented with aberrant vessels terminating prematurely at
endothelial bundles and large sheets of PECAMI1-positive cells
resembling blood islands (Fig. 6A,B). Aberrant vessel formation
led to a consistent reduction in ventricular coverage by the
coronary plexus (Fig. 6C).

Ultrastructural analysis of sub-epicardial vessels in control E15.5
hearts revealed tight junctions linking neighboring ECs, which were
often associated with an overlying pericyte (Fig. 7; supplementary
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material Fig. S8). Pericytes displayed cytoplasmic processes
extending around the endothelial tube, with characteristic peg and
socket connections and adhesion plaques between the pericyte and
EC, based upon electron-dense foci. In contrast, reduced vessel
integrity was observed in MRTFPPKO embryos, which often
contained dysfunctional ECs displaying nuclear and cytoplasmic
granulation. Thin-walled microvessel ECs occasionally exhibited
convoluted junctions, macrovesicular uptake and disrupted continuity
(Fig. 7; supplementary material Fig. S8). Although MRTFePIPKO
microvessels often contained ultrastructurally normal perictyes,
qualitatively, these seemed to be sparse compared with those of
controls. These results are consistent with the hemorrhage observed in
MRTFPPKO embryos; however, the cellular cause of EC disruption
was not apparent. In fact, our lineage tracing analyses using mice
harboring both Wt1“ERT2 and Rosa™™™€ alleles, in which EPDCs
are irreversibly labeled with membrane-bound GFP, confirmed recent
reports suggesting that most sub-epicardial ECs do not originate from
Wil positive cells (supplementary material Fig. S9A,B) (Katz
et al., 2012; Tian et al., 2013; Wilm et al., 2005; Zhou et al., 2008).
Thus, we reasoned that EC disruption upon conditional deletion of
MRTFs within WT1°ERT2 positive epicardial cells might occur
largely through a non-cell-autonomous mechanism.

The differentiation of epicardium-derived pericytes requires
MRTF-dependent cell motility

Maturation and homeostasis of the vascular endothelial plexus in the
embryo and adult depends upon appropriate investment of
perivascular cells. Although perivascular cells, including vascular

Hours post-scratch

SMCs, fibroblasts and pericytes, are generally thought to originate
from the mesothelium in coelomic organs (Armulik et al., 2011,
Mikawa and Gourdie, 1996), the source of pericytes within the
developing heart has not been unambiguously defined. We defined
pericytes as CSPG4" PDGFRB™ cells that displayed cytoplasmic
projections ensheathing a microvessel wall. Triple staining with
antibodies against GFP, CSPG4 and PDGFRP in Wt “=ERTZ;
Rosa™™S embryos thus allowed for identification of epicardium-
derived pericytes (Fig. 8A). Although our analysis was limited by
the efficiency of Cre-mediated recombination, quantification
revealed that ~25% of sub-epicardial coronary pericytes are
derived from a W1 CERT2 positive epicardial source.

We speculated that the loss of coronary vessel integrity in
MRTE®PKO  embryos might be due to defective pericyte
investment from the epicardium. As expected, E15.5 control
embryos exhibited well-formed, CSPG4" PDGFRB" pericytes
lining sub-epicardial PECAMI1-positive vessels (Fig. 8B,C). In
contrast, CSPG4 and PDGFRP expression was attenuated in
MRTF®PIPKO embryos, correlating with a ~50% reduction in the
number of sub-epicardial pericytes (Fig. 8B,D). Although the
expression of various pericyte, EC and cell motility genes was
reduced in E15.5 MRTFPKO ventricles, we did not observe
appreciable attenuation of the fibroblast or SMC programs at this
stage by qPCR (Fig. 8E; supplementary material Fig. S10). Taken
together, our data implicate the SRF-MRTF gene regulatory axis in
coronary vessel maturation and homeostasis, at least in part through
the control of EPDC motility and the subsequent differentiation of
sub-epicardial pericytes.
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DISCUSSION

Despite more than a century of research since the pericyte was first
described (Rouget, 1873), the origin and function of these cells
within the heart remains obscure. Pericytes in the neurovascular
niche have proven to be essential in diverse processes such as
angiogenesis, vessel maturation, homeostasis and permeability, and
vascular tone (Aguilera and Brekken, 2014; Armulik et al., 2011).
Cardiotoxicity in sunitinib-treated patients has recently been
attributed to the depletion of coronary pericytes and subsequent
microvascular dysfunction (Chintalgattu et al., 2013), suggesting an
equally important role for pericytes in the heart. However, there
remains a significant lag in the understanding of coronary pericyte
biology, which is partially due to the difficulty in unambiguously
identifying and isolating pericytes in the heart. In this study, we
present evidence that coronary pericytes originate in part from the
epicardium in a process that is dependent upon activation of the
motile gene program by SRF-MRTFs (Fig. SF).

MRTFs accumulate within the nucleus of a subset of epicardial
and sub-epicardial cells, and are essential for their migration.
Although various signaling pathways that induce MRTF nuclear
shuttling are active in the epicardium, including TGF-B and Rho-
ROCK, it is not clear why all MRTF-expressing cells are not
capable of responding. The initial stages of EMT involve the
dissolution of epithelial cell junctions, which promote changes in
cell polarity and cause reorganization of the actin cytoskeleton
(Lamouille et al., 2014). In addition, loss of cell-cell contacts has
also been shown to potentiate MRTF-A activity in vitro (Busche
et al., 2010; Fan et al., 2007), and we observe nuclear MRTF-A
primarily within migrating epicardial cells at the periphery of a
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Fig. 5. MRTFs are required for epicardial integrity.
(A) Gross morphology of hearts isolated from control
or MRTF®PPXC embryos at E15.5. Sub-epicardial

L] hemorrhage is marked by arrows. Scale bar: 500 pm.
(B) Hemorrhage severity scored at E15.5. n=17

Fek ek

EEE 'DKO.
ym (control), n=21 (MRTF®PP®) Data are presented as
L the meanzts.e.m. (combined results of five
et aam independent litters); ****P<0.0001 (Mann-Whitney
= test). (C) TEM of E15.5 control hearts reveals a
ossssce - highly organized epicardial layer (arrows) that is

closely associated with the basal lamina (black
arrowheads). MRTF®PPK© hearts display a

Control epiDKO
MRTF epiDKO

disorganized epicardium, which is often dissociated
from the underlying myocardium and filled with red
blood cells (asterisks) and exudate. Higher
magpnification images (lower panels) highlight the
collagen-rich basal lamina in control hearts (white
arrowheads) and tightly associated sub-epicardial
mesenchymal cells (sem) and cardiomyocytes (cm).
Individual collagen bundles (white arrowheads) are
observed within the lesion of MRTF®PPX° hearts.
Scale bars: 2 ym (upper panels) and 1 ym (lower
panels). n=2 (control) and 3 (MRTFePPK®),

monolayer. Although other physiological cues might be at work,
our results suggest epicardial cells with weaker contacts might be
particularly susceptible to MRTF-mediated motility.

The primary phenotype in MRTF®PKO embryos is sub-
epicardial hemorrhage due to loss of EC integrity, which we
hypothesize is secondary to pericyte deficiency. Given that the
epicardium is made up of a heterogeneous population of progenitor
cells with the capacity to give rise to multiple cardiac cell types, it is
conceivable that MRTFs also control EC differentiation and
migration directly, as reported in the postnatal retinal vasculature
and adult neoangiogenesis (Hinkel et al., 2014; Weinl et al., 2013).
However, our current study confirms previous findings that
coronary ECs originating from the sub-epicardium are primarily
descendants of a Wl ™-negative lineage (Katz et al., 2012; Tian
et al., 2013; Wilm et al., 2005; Zhou et al., 2008). These results
imply that the loss of EC integrity upon WT1C ERT2 gpecific
deletion of MRTFs within the epicardium arises at least partially
non-cell autonomously. However, further studies are required to
rule out a role for MRTFs in ECs derived from other epicardial cell
populations or a potential role for epicardial MRTFs in cardiac
fibroblast differentiation in the embryo or after injury.

Given the considerable promiscuity of currently available
pericyte markers, we have taken great care to identify and
quantify this cell type unambiguously. Our stringent methods
proved essential, as 80% of CSPG4" PDGFRB" cells did not exhibit
clear pericyte morphology. Of the cells that we define as pericytes,
25% originate from the epicardium. Upon deletion of MRTF-A and
-B in the epicardium, we observed an ~50% reduction in pericyte
number. It is possible that, in addition to the cell autonomous loss of
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Fig. 6. Epicardial MRTFs are required for normal coronary plexus
formation. (A-B) Whole-mount PECAM1 staining of hearts isolated from
E13.5 embryos. Arrows mark EC sheets and arrowheads mark EC foci
observed in MRTF®PPKO hearts. Scale bars: 500 ym (A) and 50 um (B).

(C) Quantification of the area of vessel coverage expressed as a percentage
of the area of the ventricles, as depicted in A. Data are presented as the
meanzs.e.m. [n=4 (control) or n=12 (MRTF®PPX°); combined results of two
independent litters]; ***P<0.001.

pericytes due to deficient EPDC migration, inefficient recruitment
of pericytes by ECs might contribute to the overall phenotype.
Dormant throughout postnatal life, the epicardium is activated in
response to cardiac injury or ischemic events, contributing to
fibroblast and nascent vessel formation in experimental models and
human patient samples (Braitsch et al., 2013; Limana et al., 2007;
Smart et al.,, 2011; Zhou et al., 2011). Harnessing the natural
regenerative capacity of epicardium-derived cardiovascular
progenitor cells by modulating MRTF activity presents an
exciting therapeutic strategy. Unlike most transcription factors,

MRTF epi
i

Fig. 7. Ultrastructural analysis of sub-epicardial vessels. TEM of sub-
epicardial microvessels in E15.5 hearts reveals EC tight junctions (arrows),
peg and socket interactions (white arrowhead), adhesion plaques (black
arrowhead) and vessel lumen (asterisk) in a control embryo. The bracket marks
a disrupted EC layer in the MRTFP°X° embryo. Scale bars:2 um (upper) and
0.5 um (lower). PC, pericyte; EC, endothelial cell. n=2 (control) and n=3
(MRTFepiDKO).

which are difficult to target pharmacologically, affecting MRTF
localization and activity has proven feasible (Evelyn et al., 2007,
Haak et al., 2014; Velasquez et al., 2013). It is interesting to
speculate that epicardium-derived progenitor cells might be
manipulated to promote neoangiogenesis and cardiac repair at the
expense of fibroblast accumulation and scar formation.

MATERIALS AND METHODS

Mice

All experiments using animals were approved by the University Committee
on Animal Resources at the University of Rochester. Mrtfa™'~ and Mr1fb°
mice were as described previously (Li et al., 2006; Oh et al., 2005) and were
kind gifts from Dr Eric Olson (UT Southwestern, Dallas, TX, USA). The
Srf1°% mouse was as described previously (Miano et al., 2004) and was a
kind gift from Dr Joseph Miano (University of Rochester, Rochester, NY,
USA). WtIC*ERT2| Rosa™™™S and Rosa™? mice were as described
previously (Rudat and Kispert, 2012; Zhou and Pu, 2012) and are
available from Jackson Laboratories (stock numbers 010912, 007576 and
003309), as were the C57BL/6 mice. The Wt “™BAC line was as reported
previously (Wessels et al., 2012) and was a kind gift from Dr Sylvia Evans
(UC San Diego, La Jolla, CA, USA). Rosa mice were kept on a mixed
genetic background and all other mice were kept on a C57BL/6 background.
The breeding strategy for lineage tracing was as follows: W¢] “FRT2* gire
crossed to Rosa'#* °r MTMS* qam The breeding strategy for MRTFePIPKO
was as follows: Wl ““ERY*: Mgty ™= M1 sire crossed to Mrtfa™~;
Mrtfb 1% dam. The breeding strategy for SRFPXO was: ¢ CeBAC; gpfflox/*
sire crossed to Srf"1% dam. For inducible deletion, 4-hydroxytamoxifen
(Sigma) was suspended in sunflower seed oil at 10 mg/ml by sonication and
administered to pregnant dams (75 mg/kg) by gavage at the time points noted
in the text.

Epicardial explant culture

Epicardial explant cultures were carried out as reported previously (Austin
et al.,, 2008). Briefly, E11.5 hearts were placed dorsal side down on
collagen-coated slides (BD Biosciences). After culture overnight in M199
(HyClone) with 5% FBS at 37°C and 5% CO,, the hearts were collected,
revealing an EPDC monolayer attached to the collagen surface. EPDCs
isolated from Srf"™ or Mrtfa™"; Mrtfb™" embryos were then transduced
with adenovirus expressing Cre or Bgal at a multiplicity of infection (MOI)
of ~10 and cultured for 24 h in M199 with 1% FBS, followed by an
additional incubation for 24 h in medium supplemented with TGF-B1
(R&D Systems, 10 ng/ml) to stimulate EMT. EPDCs isolated from
W] CERT2 o 4 sty = Mrtfb™™ embryos were cultured for 48 h in
medium supplemented with TGF-B1 (10 ng/ml) or TGF-B2 (2 ng/ml,
R&D Systems) and PDGF-BB (20 ng/ml, R&D Systems). After 72 h of
culture, EPDCs were processed for immunostaining or RNA or protein
isolation. For scratch wound migration assays, S/ or Mrtfa™'=; Mrefb™"
explants were transduced with adenovirus expressing Cre or fgal at a
multiplicity of infection (MOI) of ~10 and cultured for 24 h in M199 with
1% FBS. Explants were then scratched with a 10 pl pipette tip and treated
with TGF-B1 (10 ng/ml) to stimulate EMT. Images were taken at the
indicated time points over ~24 h.

Ex vivo embryonic heart culture

eV Mrtfa™=; Mrtfb™" or C57BL/6 embryos were collected at E12.5 and
dissected into M199 (HyClone) with 10% FBS. All ex vivo hearts were
immediately transduced with adenovirus expressing GFP (2.8x10° pfu/ml)
in the presence of adenovirus expressing Cre (9.6x10% pfu/ml), MRTF-A
(4.2x10° pfu/ml) or Bgal (1.3x107 pfu/ml). Hearts were then cultured for
48 h at 37°C and 5% CO, in the presence of TGF-B2 (2 ng/ml) and PDGF-
BB (20 ng/ml) (R&D Systems). Samples were then cryopreserved for
immunostaining.

Histology, immunohistochemistry and immunocytochemistry

Cells were fixed in 4% paraformaldehyde (PFA) at 4°C (Ki67) or methanol
at —20°C for 10 min. Tissues were fixed in 4% PFA or 10% acetic acid/60%
methanol in distilled H,O overnight at 4°C and processed for paraffin
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Fig. 8. MRTFs are essential for pericyte differentiation from EPDCs. (A) Wt1°"°ERT2; Rosa™ ™ embryos were isolated at E15.5 from dams gavaged with
tamoxifen at E12.5. Immunofluorescence analysis reveals colocalization of GFP-labeled EPDCs (white) with pericyte markers, PDGFRp (green) and CSPG4
(red). Nuclei are labeled with TOPRO (blue). (B,C) E15.5 control and MRTFePIPKO embryos stained with antibodies against PDGFR (green), CSPG4 (red) and
PECAM1 (white) to identify sub-epicardial pericytes (arrowheads). Scale bars: 10 um (A,B) and 5 ym (C). (D) Quantification of images from B revealed

significantly fewer pericytes lining sub-epicardial microvessels in MRTFePIDKO embryos. n=5 per group. (E) gPCR analysis of pericyte and mesenchyme markers

in whole ventricles isolated from control and MRTFePPKC

embryos at E15.5. n=9 (control) and n=14 (epiDKO). Data represent the combined results of three

independent litters. All data are presented as the meants.e.m.; *P<0.05; **P<0.01; ***P<0.001. (F) Physiological cues such as TGF-B1 signaling and/or cell
junction disassembly induce the nuclear accumulation of MRTFs and expression of target genes that drive the migration of EPDCs into the sub-epicardial space.
MRTF-directed EPDC motility is essential for pericyte differentiation and coronary vessel maturation.

sectioning (5 uM), or cryopreserved in tissue freezing medium (Triangle
Biomedical Science) for subsequent cryosectioning (10 uM). Details
regarding the primary antibodies and immunostaining conditions are
listed in supplementary materials and methods and Table S3.

Whole-mount X-gal staining

E12.5 embryos were fixed and permeabilized for 1 h at 4°C (4% PFA, 0.01%
deoxycholic acid, 0.02% NP40 in PBS), stained overnight at room temperature
in X-gal solution [0.01% deoxycholic acid, 0.02% NP40,2 mM MgCl,, | mg/
ml X-gal (Roche), 5 mM K 4Fe(CN)g, 5 mM K3Fe(CN)g in PBS], and then
post fixed overnight at 4°C (4% PFA, 0.2% glutaraldehyde in PBS).

Whole-mount PECAM1 immunostaining

Hearts dissected from E13.5 embryos were fixed overnight at 4°C in 4%
PFA. Following dehydration, endogenous peroxidase was quenched with
5% H,0, in methanol for 2 h at 4°C, and the samples were then
rehydrated. Hearts were blocked for 2 h at room temperature in PBSMT
(3% milk, 0.5% Triton X-100 in PBS), incubated with rat anti-mouse
PECAMI1 (BD Pharmingen 553370, 10 pg/ml in PBSMT) at 4°C
overnight, followed by 4°C overnight with horseradish peroxidase
(HRP)-conjugated goat anti-rat-IgG (Kirkgaad and Perry Laboratories,
1:100 in PBSMT). Following colorimetric detection of PECAM1 with
diaminobenzidine peroxidase substrate, hearts were post-fixed in 4% PFA
at 4°C overnight and imaged.

28

Immunoblot

Whole cell extracts were collected from EMCs (Wada et al., 2003)
(courtesy of Dr David Bader, Vanderbilt) or COS-7 cells, or pooled from
two epicardial explant cultures per treatment. Lysates were subjected to
SDS-PAGE and immunoblotted onto PVDF membranes (Millipore)
before incubating with the following antibodies at 4°C overnight: mouse
anti-ACTA2 (clone 1A4, Sigma A2547, 1:1000), rabbit anti-MRTF (a
kind gift from Guido Posern, Martin Luther University Halle-Wittenberg,
Germany, 1:500), mouse anti-FLAG (Sigma F1804, 1:5000) or mouse
anti-GAPDH (Millipore MAB374 1:30,000). Membranes were incubated
with secondary HRP-conjugated goat anti-mouse-IgG or anti-rabbit-1gG
antibody (Bio-Rad) for 1 h at room temperature and developed with
luminol reagent (Santa Cruz Biotechnology).

Cell culture
COS-7 cells and EMCs were cultured in DMEM at 37°C and 5% CO,.
Additional details can be found in supplementary materials and methods.

RNA isolation and analysis

Total RNA was isolated from cell cultures and tissue samples using Trizol
reagent (Life Technologies) and cDNA was generated using iScript cDNA
Synthesis Kit (Bio-Rad) following the manufacturer’s protocol. RT-PCR
conditions and primer sequences are listed in supplementary materials and
methods and Table S4.
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Transmission electron microscopy

Hearts isolated from E15.5 embryos were fixed in 2.5% glutaraldehyde
buffered with 0.1 M sodium cacodylate, postfixed in 1% osmium tetroxide,
dehydrated in a graded series of ethanol and transitioned into propylene
oxide, then into Epon/Araldite resin. The tissue was embedded into molds
containing fresh resin and polymerized for 2 days at 65°C. Sections of 1 pm
thickness were stained with Toluidine Blue to determine the area to be thin
sectioned (at 70 nm) with a diamond knife. Thin sections were placed onto
carbon-coated Formvar slot grids and stained with aqueous uranyl acetate
and lead citrate. The grids were examined using a Gatan 11 megapixel
Erlansheng digital camera and Digital micrograph software.

Imaging and image quantification

Whole-mount samples were imaged with a Leica MZ125 microscope.
Immunofluorescence images were captured using an Olympus IX81
confocal microscope. All image analyses were conducted using NIH
Image] software. For ex vivo migration assays, sections were stained with
anti-CollV antibody to label the epicardial basement membrane as described
previously (Mellgren et al., 2008). Migration was quantified as the
percentage of GFP-positive cells migrating in or beyond the epicardial
basement membrane relative to the total number of GFP-positive cells in a
given 40x field of view (FOV). Cells were counted in five non-consecutive
sections of a given heart for each condition. For in vitro scratch wound
assays, the total area of the scratch was measured using NIH Imagel at the
indicated time points and presented as a percentage of the original scratch
area. Cell proliferation was determined as the percentage of Ki67-positive
nuclei at the leading edge of migration or within the entire explant. For in
vivo cell proliferation analysis, the total number of Ki67-positive nuclei was
quantified by a blinded observer from four non-consecutive sections per
heart at a 40x FOV. WT1 co-staining marked epicardial cells and CollV co-
staining marked the epicardial basement membrane. For coronary plexus
formation experiments, the area of PECAM1-positive vessel coverage was
measured and presented as a percentage of the total area of the ventricles.
For pericyte quantification, CSPG4" PDGFRB" cells were counted in seven
areas along the sub-epicardial space (50-60 um from the epicardial layer) in
three non-consecutive sections of a given heart sample. Four hearts were
examined per genotype. Pericytes were identified as double positive cells
with pericyte morphology that were in close association with a microvessel
having a 10-25 um lumen. Images were captured in 5-10 uM z-stacks at 40
FOV. For lineage tracing, epicardium-derived pericytes were identified as
cells with CSPG4" PDGFRB" GFP™ staining and pericyte morphology
along a vessel.

Statistical analysis
Statistical differences were determined by a Student’s two-tailed 7-test with
unequal variance, unless otherwise noted in the text. Significance was
considered as P<0.05.
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