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Abstract

Serum response factor (SRF) and the SRF co-activators myocardin-related transcription factors 

(MRTFs) are essential for epicardium-derived progenitor cell (EPDC)-mobilization during heart 

development; however, the impact of developmental EPDC deficiencies on adult cardiac 

physiology has not been evaluated. Here, we utilize the Wilms Tumor-1 (Wt1)-Cre to delete Mrtfs 

or Srf in the epicardium, which reduced the number of EPDCs in the adult cardiac interstitium. 

Deficiencies in Wt1-lineage EPDCs prevented the development of cardiac fibrosis and diastolic 

dysfunction in aged mice. Mice lacking MRTF-SRF in EPDCs also displayed preservation of 

cardiac function following myocardial infarction partially due to the depletion of Wt1 lineage-

derived cells in the infarct. Interestingly, depletion of Wt1-lineage EPDCs allows for the 

population of the infarct with a Wt1-negative cell lineage with a reduced fibrotic profile. Taken 

together, our study conclusively demonstrates the contribution of EPDCs to both ischemic cardiac 

remodeling and the development of diastolic dysfunction in old age, and reveals the existence of 

an alternative Wt1-negative source of resident fibroblasts that can populate the infarct.
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1. INTRODUCTION

Cardiovascular disease is the leading cause of morbidity and mortality in the United States, 

and is marked by cardiomyocyte death and the accumulation of extracellular matrix (ECM)1. 

ECM deposition is a mechanism that replaces cardiomyocytes lost following a myocardial 

infarction (MI), during congenital cardiomyopathy, or in aging2. However, left unchecked, 

excessive ECM leads to pathological fibrosis, or a form of scarring that impedes 

cardiomyocyte contractility and can initiate lethal arrhythmias1, 2. The primary source of 

scar tissue in the heart is the activated resident fibroblast, called a myofibroblast, which has 

a high proliferative capacity, becomes contractile and migratory, and secretes copious 

amounts of ECM3, 4.

It is thought that the majority of cardiac interstitial cells, including cardiac fibroblasts and 

vascular mural cells, are derived from a mesothelial layer called the epicardium that covers 

the developing heart5, 6. Lineage tracing studies in transgenic mice harboring Wilms tumor 1 

(Wt1) or Tcf21-directed Cre recombinase identified a subset of epicardium-derived 

progenitor cells (EPDCs) that undergo epithelial-to-mesenchymal transition (EMT) during 

embryonic development and differentiate into the resident fibroblast lineage7. In the adult, 

ischemia and pressure overload induced cardiac remodeling are associated with re-

expression of fetal epicardial genes and expansion of the epicardial layer7–10. However, 

newly activated EPDCs do not appear to populate ischemic tissue, indicating pre-existing 

fibroblasts are primarily responsible for post-MI scar formation8, 11. Instead, the reactivated 

epicardium may be a source of paracrine factors that contribute to post-MI cardiac 

remodeling12. However, the precise role of Wt1-lineage EPDCs in ischemic and non-

ischemic cardiac fibrosis has not been functionally tested in vivo, and it is not clear whether 

other sources of cardiac fibroblasts may play a role in cardiac repair.

Recently, our group has demonstrated that myocardin-related transcription factors (MRTF-A 

and MRTF-B) are required for EPDC mobilization, as their deletion in the epicardium 

negatively affects epicardial integrity and migration of EPDCs13. MRTFs are potent 

transcriptional activators that are retained in the cytoplasm via interactions with globular 

(G)-actin14. Stimuli that lead to filamentous (F)-actin polymerization, such as mechanical 

tension or activation of TGF-b and Rho signaling pathways, drive the nuclear accumulation 

of MRTFs and its interactions with serum response factor (SRF)14. MRTF-SRF then induce 

the expression of the motile/contractile gene program that includes EMT, ECM and 

contractile proteins15, 16. Thus, MRTF-SRF signaling is emerging as a central regulator of 

fibroblast activation and organ fibrosis17–21.

In this study, we find that developmental deletion of the MRTF-SRF transcriptional axis in 

the epicardium using Wt1-directed Cre-recombinase impedes investment of epicardial-

derived interstitial cells in the adult heart. With use of fluorescence-based genetic lineage 

tracing, we observed that the post-MI scar is populated with epicardium-derived 
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myofibroblasts, a response that is significantly attenuated with Srf deletion from the Wt1-

positive cell lineage. Constitutive deletion of Mrtfs or Srf from the epicardium leads to 

improved functional outcome after MI and reductions in left ventricular fibrosis. Decreased 

fibrosis is partly due to the paucity of WT1-lineage mesenchymal cells in the scar, which is 

instead populated with an alternative mesenchymal population that is less fibrotic. 

Interestingly, deletion of Mrtfs from EPDCs also attenuates the accumulation of cardiac 

fibrosis that contributes to diastolic dysfunction in mice of advanced age. Taken together, 

this study draws attention to a significant transcriptional program that steers epicardium-

derived cells towards a pro-fibrotic phenotype in cardiac disease and normal aging and 

suggests alternative sources of resident fibroblasts may exist that can contribute to cardiac 

repair.

2. MATERIALS AND METHODS

2.1. Mice

All experiments using animals were approved by the University Committee on Animal 

Resources at the University of Rochester. Mrtfa−/− and Mrtfbflox/flox mice were previously 

described13 and were gifts from Dr. Eric Olson (UT Southwestern, Dallas, TX, USA). The 

Srfflox/flox mouse was previously described22 and was a gift from Dr. Joseph Miano 

(University of Rochester, Rochester, NY, USA). RosamTmG/mTmG mouse strain was 

purchased from Jackson Laboratories (stock number 007576). The Wt1CreBAC mouse line 

was previously reported6 and a gift from Dr. Sylvia Evans (UC San Diego, La Jolla, CA, 

USA). Breeding strategy for SRF and MRTF transgenic mice, myocardial infarction surgery, 

echocardiography and physiological assessments are described in the supplemental methods.

2.2. Langendorff technique for isolation of cell populations

Fluorescence-activated cell sorting (FACS) was employed to isolate cardiac cells from 

tissue. Full details of the langendorff technique are defined in the supplemental methods. 

FACS was performed using an 18-color BD FACS Aria II (BD Biosciences). If RNA 

isolation was desired after heart digestion, cells were immediately placed in TRIzol™ 

Reagent (Thermo Fisher Scientific).

2.3. RNA isolation, cDNA synthesis and Real-Time Quantitative Reverse Transcription 
PCR

RNA was isolated using TRIzol™ Reagent (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. qRT-PCR was performed with cDNA, primers and IQ SYBR 

Green Supermix (Biorad). Data was analyzed using the ΔΔCT method.

2.4. Immunohistochemistry

Hearts were paraffin-embedded after perfusion with 10% neutral-buffered formalin (Thermo 

Fisher Scientific). Sections were cut at a cross-section of 5-µm thickness and multiple levels 

at 250-µm intervals were analyzing to quantify scar area. Quantitation of protein expression, 

cardiomyocyte hypertrophy and epicardial numbers are described in the supplemental 

methods.
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2.5. 5-Bromo-2’-deoxy-Uridine (BrdU) injections and in vivo labeling

BrdU (Sigma Aldrich) was administered to mice after sham surgery or myocardial injury at 

a dose of 50mg/kg daily. Detection of BrdU by immunohistochemistry and quantitation of 

BrdU+ cells are described in the supplemental methods.

2.6. Fibrosis and infarct size measurements

Picro Sirius Red, Masson’s Trichrome and Triphenyl Tetrazolium Chloride staining and 

quantitation were performed according to details provided in the supplemental methods.

2.7 Proteome Profiler Mouse XL Cytokine Array

A membrane-based antibody array was utilized to measure mouse cytokines from sera 

isolated from WT and MRTFepiDKO mice. The protocol for simultaneous detection of 

cytokines was completed according to the manufacturer’s instructions (R&D Systems) and 

developed using a Bio Rad Chemidoc Imaging System Touch Screen System (Biorad). 

Details associated with the cytokine array are described in the supplemental methods.

2.8. Statistical analyses

All data are expressed as mean +/− SEM. Statistical analyses were performed using unpaired 

Student’s t-test when comparing two groups. One-way ANOVA when comparing multiple 

groups. Non-repeated two-way ANOVA when comparing multiple groups over a time-

course. For oneway and two-way ANOVA, a Tukey post-test was used. All data was 

analyzed using Graph Pad Prism v7.0. A value of p<0.05 was considered statistically 

significant.

3. RESULTS

3.1. Aged-associated diastolic dysfunction is prevented in MRTFepiDKO mice

To evaluate the impact of disrupting stress-dependent MRTF signaling in EPDCs, we 

evaluated mice harboring Mrtf deletions during the course of normal cardiac aging. Here, we 

employed the Wt1Cre BAC transgenic mouse6 to recombine floxed Mrtf-b alleles in the 

context of a global Mrtf-a deletion to generate the following lines: 1. Wild-type (WT) 2. 

Mrtf-a null (MRTFAKO), 3. Epicardialspecific deletion of Mrtf-b (MRTFepiBKO) and 4. 

MRTFAKO plus MRTFepiBKO deletion called MRTFepiDKO mice (Figure 1A). Whole heart 

digestion followed by fluorescence activated cell sorting (FACS) was performed to isolate 

CMs, CD31+ and CD31− populations from healthy WT and MRTFepiDKO hearts in order to 

evaluate Mrtf deletion. CD31− populations displayed enrichment of the fibroblast marker 

Tcf21 (Figure S1A) while CD31+ cells were enriched for the endothelial cell (EC) marker 

Pecam1 (Figure S1B). As expected, Mrtf-a is not expressed in CMs, CD31+ and CD31− 

cells isolated from MRTFepiDKO hearts (Figure 1B). Mrtf-b expression is preserved in CMs 

and CD31+ ECs, but is significantly reduced in the non-endothelial CD31− cell fraction, 

which consists of fibroblasts and vascular mural cells (Figure 1C). Consistent with the role 

of Mrtfs in promoting the contractile gene program16, Acta2 and Srf levels (Figure S1C and 

S1D) were also reduced in cardiac interstitial cells from MRTFepiDKO mice.
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Presentation of diastolic dysfunction with preserved systolic function manifests during 

cardiac aging due to the accumulation of ECM and inefficient cardiomyocyte relaxation, 

which impedes proper diastolic filling23. Serial echocardiography shows that ejection 

fraction (EF), a measure of systolic function, was not significantly altered in WT or 

MRTFepiDKO female mice between 10-weeks and 78-weeks of age (Figure 1D and Figure 

S2A and S2B). In contrast, we observed diastolic functional decline between 52 and 78 

weeks of age in WT mice, as assessed by E to E’ ratio via tissue doppler echocardiography, 

while aged MRTFepiDKO mice maintained diastolic function at these timepoints (Figure 1E 

and Figure S2C and S2D). Consistent with improved diastolic function, 78-week old 

MRTFepiDKO mice display reduced collagen deposition in the left ventricle as compared to 

age-matched WT controls (Figure 1F and 1G). Interestingly, we noted that epicardial cells 

expressing platelet-derived growth factor receptor-α (PDGFRα +) were retained on the 

surface of the heart in aged MRTFepiDKO mice (Figure 1H and 1I), supporting previous 

observations of deficient EPDC mobilization and interstitial cell investment during 

development13. Of note, PDGFRα and α-smooth muscle actin (α-SMA) distribution was 

similar in aged WT and MRTFepiDKO hearts (Figure S3A–C). Overall, MRTFepiDKO mice 

are protected from the development of cardiac fibrosis and diastolic dysfunction with 

advanced age, which may reflect inefficient EPDC mobilization during development or a 

reduced capacity of EPDCs to secrete ECM during the normal aging process.

3.2. Preservation of cardiac physiology in MRTFepiDKO hearts after MI

To further evaluate the role of EPDCs in fibrotic remodeling, we next examined the impact 

of Mrtf deletion from the epicardium on EPDC mobilization and cardiac function following 

ischemic cardiac injury (Figure 2A). Similar to our findings during aging, the total number 

of epicardial cells on the surface of MRTFepiDKO hearts was increased compared to control 

hearts, which was driven by either an expansion or retention of the PDGFRα+ population 

(Figure 2B and 2C). Although MRTFepiDKO mice had smaller cardiomyocyte (CM) cross-

sectional area (CSA) at baseline (Figure 2D and 2E), WT and MRTFepiDKO mice exhibited 

similar CM hypertrophy after MI (Figure 2E) and a comparable induction of fetal 

cardiomyocyte genes after MI (Figure 2F). Interestingly, while MRTFepiDKO mice displayed 

normal systolic cardiac physiology at baseline (Figure 2G), we found that MRTFepiDKO 

mice exhibited a preservation of EF following MI relative to WT controls (Figure 2H and 

Figure S4A and S4B). Additionally, MRTFepiDKO mice are protected from increases in end 

diastolic volume (EndDV) that develops at 14 days post-MI (Figure 2I and Figure S4A and 

S4B). MRTFepiBKO mice also show improved cardiac function 14 days after MI compared to 

WT mice (Figure 2H) and both MRTFAKO and MRTFepiBKO mice are protected from 

dilation 14 days after MI (Figure 2I). To confirm that expression of Cre recombinase in the 

Wt1 lineage does not influence cardiac physiology, we subjected Wt1Cre mice to MI and 

determined that EF and EndDV were not significantly different between Wt1cre/+ and 

Wt1+/+ animals at baseline or after MI (Figure S5A and S5B).

3.3. MRTFepiDKO mice are protected from pathological fibrotic remodeling following MI

To evaluate infarct size following acute ischemic injury, we stained hearts with triphenyl 

tetrazolium chloride (TTC) one day following MI. We found that the infarct size was 

statistically similar, but trending smaller, in MRTFepiDKO mice compared to WT mice 
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(Figure 3A and 3B). Next, we employed an antibody array to screen a total of 111 common 

cytokines from serum isolated from healthy and injured WT and MRTFepiDKO mice 3 days 

post-MI. In non-injured animals (baseline) 92.8% of cytokines were similarly expressed in 

WT and MRTFepiDKO serum (Figure 3C). In contrast, 45% of cytokines were differentially 

expressed in MRTFepiDKO mice following MI based on a cut-off of +/− 30% relative to WT 

(Figure 3D). Of the downregulated cytokines in MRTFepiDKO serum, we noted factors that 

were associated with processes such as inflammatory cell recruitment and fibrotic 

remodeling (Figure 3E). Specifically, we observed a 63.5% reduction in Periostin and 73.2% 

reduction in the inflammatory factor Interleukin-1 alpha (IL-1α) in MRTFepiDKO serum 

(Figure 3E and 3F). However, the expression levels of inflammatory genes Interleukin1-β 
(Il1b) or Interleukin-6 (Il6) were not significantly different in nonmyocytes isolated from 

WT and MRTFepiDKO hearts 7 days after MI (Figure S6A) and we observed a similar 

number of CD45+ cells in WT and MRTFepiDKO hearts following 14 days of MI (Figure 

S6B and S6C).

MRTF-A and -B are potent co-activators of SRF-dependent transcription that promote 

myofibroblast activation21. We next asked whether improved post-MI cardiac function may 

reflect suppression of fibrotic remodeling. Masson’s trichrome staining revealed pronounced 

scar formation in WT hearts, whereas MRTFepiDKO hearts displayed reduced transmural 

fibrosis at 14 days post-MI (Figure 4A and 4B). qRT-PCR revealed genes encoding 

myofibroblast markers and ECM proteins (e.g. Mrtfb, Acta2, Fn, Col1a1, and Col3a1) were 

reduced in nonmyocytes isolated from MRTFepiDKO hearts in comparison to WT hearts 7 

days after MI (Figure 4C). Of note, we also determined that female MRTFepiDKO mice had a 

modest but significant improvement in post-MI cardiac physiology based on EF and EndDV 

measurements (Figure S5C and S5D).

To evaluate the distribution of total fibroblasts and myofibroblasts in the heart we stained 

heart sections for PDGFRα and αSMA, respectively. Neither PDGFRα or αSMA 

distribution were different between WT and MRTFepiDKO mice after sham surgery (Figure 

4E and Figure S7A and S7B). However, while the percentage of αSMA+ cells was not 

considerably altered in the remote and border zone (BZ) regions of MRTFepiDKO hearts after 

MI (Figure S7C and S7D), we observed a significant reduction in the area of PDGFRα 
coverage in the BZ regions of MRTFepiDKO hearts (Figure 4D and 4E), supporting a more 

restricted fibrotic response in MRTFepiDKO mice. In order to evaluate the relative 

proliferation rate and accumulation of epicardial cells and interstitial cells after MI, we 

injected mice with 5-Bromo-2’-deoxy-uridine (BrdU) starting on the day of surgery and 

continuing for 14 days after MI. WT interstitial cells proliferated appreciably more in the 

remote and BZ regions as compared to MRTFepiDKO hearts (Figure S7F and S7G and Figure 

4D and 4F). Importantly, detection of proliferating PDGFRα+ cells in the BZ regions of 

MRTFepiDKO hearts was reduced when compared to WT hearts (Figure 4D and 4F).

Epicardial activation after MI is associated with pronounced epicardial cell expansion12. 

Total numbers of epicardial cells were significantly increased in the BZ areas of 

MRTFepiDKO hearts as compared to WT controls (Figure 4D and 4G) and increased 

compared to sham conditions (Figure 2B and 2C). However, this response was not 

associated with an alteration in the relative distribution of BrdU+, PDGFRα+ and BrdU+/
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PDGFRα+ epicardial cells located in BZ regions (Figure 4G and 4H). Notably, the relative 

distribution of non-labeled sub-epicardial cells were modestly increased in the remote and 

BZ regions of MRTFepiDKO hearts as compared to WT (Figure S7I and Figure 4H). These 

data suggest that MRTF deletion leads to an accumulation of EPDCs on the heart surface 

following MI. Collectively, our data show that MRTFepiDKO mice are protected from 

ischemic injury by a reduction in fibrotic remodeling leading to an overall maintenance of 

cardiac function.

3.4. SRF is required for EPDC investment of the adult cardiac interstitium

In order to better evaluate the influence of MRTF-SRF on EPDC investment of the adult 

cardiac interstitium we performed R26RmTmG based lineage tracing in conjunction with 

deletion of floxed Srf alleles (SRFepiKO) using the Wt1Cre/+ BAC transgenic mouse line 

(Figure 5A). R26RmTmG allows for membrane targeting of a two-color fluorescent Cre-

reporter allele. In the absence of Cre recombination tdTomato fluorescence is observed in all 

cells, whereas Wt1-Cre recombinase expressing cells (and cell derivatives) will present cell 

membrane-localized GFP fluorescence and extinguish tdTomato fluorescence in EPDCs. We 

confirmed using immunofluorescence that Wt1 lineage-derived cells from SRFepiKO hearts 

lack SRF protein, while SRF protein remained high in CM nuclei (Figure 5B). Whole heart 

digestion and isolation of CMs, Wt1 lineage-derived cells (GFP+) and non-Wt1 lineage-

derived cells (tdTomato+) by FACS revealed specific loss of Srf transcripts in the GFP+ 

fraction of SRFepiKO mice (Figure 5C and 5D; Figure S11A and S11D), but not in CMs 

isolated from SRFepiKO adult hearts (Figure 5E). Of note, SRFepiKO mice displayed normal 

EF between 10 and 52 weeks of age (Figure S9A) and following sham surgery (Figure S9B).

Utilizing immunohistochemical techniques, we observed robust investment of Wt1Cre 

lineage-derived cells in the epicardium and myocardial interstitium of adult SRF wild-type 

(WT) mice (Figure 5F and 5G). In contrast, adult SRFepiKO mice have significantly fewer 

GFP+ cells in the cardiac interstitium (Figure 5F and 5G). Although the distribution of total 

PDGFRα+ mesenchymal cells in WT and SRFepiKO hearts was similar at baseline (Figure 

5F and 5H), GFP co-localized extensively with PDGFRα+ cells only in WT mice (Figure 5F 

and 5H). Instead, we observed an accumulation of GFP−;PDGFRα+ cells in the interstitium 

of SRFepiKO hearts at baseline (Figure 5F–5H). Consistent with the phenotype observed in 

sham MRTFepiDKO mice, the total number of epicardial cells and GFP+ epicardial cells were 

significantly increased on the surface of SRFepiKO hearts (Figure 5I and 5J); however, the 

proportion of GFP+ alone, PDGFRα+ alone and GFP+/PDGFRα+ cells was not significantly 

altered between WT and SRFepiKO mice (Figure 5J). Overall, these data indicate that SRF is 

required for the investment of the cardiac interstitium with Wt1 lineage-derived PDGFRα+ 

mesenchymal cells, and that PDGFRα+ cells are derived from a GFP− source in SRFepiKO 

mice, which may represent a WT1-independent lineage or possibly WT1-lineage cells that 

are wild-type due to incomplete Cre-mediated recombination.

3.5. SRFepiKO mice show modest preservation of cardiac function and exaggerated 
epicardial activation in response to MI

Since investment of the heart with epicardium-derived mesenchymal cells was reduced in 

sham SRFepiKO mice, we evaluated the functional consequence of epicardium-specific 
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deletion of Srf on post-MI cardiac remodeling (Figure 6A). Cardiac physiology was 

evaluated by serial echocardiography, revealing a preservation of EF in SRFepiKO mice at 7 

and 14 days after MI (Figure 6B and Figure S8A and S8B). Although SRFepiKO mice 

displayed improved EF in the late stages of cardiac remodeling, improvement in end systolic 

volume (EndSV) attained statistical significance only at 7 days after MI and normalized 

thereafter (Figure 6C and Figure S8A and S8B). Improved functional outcome after MI in 

SRFepiKO mice was accompanied with a small but insignificant reduction in fibrosis 14 days 

after injury (Figure 6D and 6E). Consistent with findings using MRTFepiDKO mice observed 

greater numbers of epicardial cells on the surface of the heart in SRFepiKO mice both in the 

remote and BZ regions, indicating retention of EPDCs on the heart surface, or exaggerated 

epicardial activation (Figure S9C–S9E and Figure 6F–6H and as compared to sham 
conditions in Figure 5F and 5I). Notably, the number of PDGFRα+ cells stemming from the 

epicardium was significantly reduced in the epicardial cell layer in SRFepiKO mice resulting 

in a relative increase in non-labeled epicardial cells (Figure 6H).

3.6. Infarct re-cellularization requires SRF expression in EPDCs.

We next evaluated cellularization of the infarct by Wt1-lineage EPDCs. WT hearts exhibited 

a robust accumulation of GFP+ and GFP+/ PDGFRα+ cells in the remote and BZ regions of 

the infarct following MI (Figure S9F and S9G and Figure 7A–7C). In contrast, we observed 

considerably fewer GFP+ and GFP+/PDGFRα+ cells in the BZ of SRFepiKO hearts, which 

were instead populated with GFP−/PDGFRα+ cells emanating from perivascular regions 

(Figure 7A–7C). In order to examine the possible contribution of hematopoietic system-

derived cells within the infarct, we analyzed WT and SRFepiKO hearts by labeling for the 

pan-hematopoietic marker CD45. We did not observe any significant changes in the 

contribution of bone marrow derived cells in the infarct regions of SRFepiKO hearts as 

compared to WT hearts (Figure S10A and S10B). Additionally, we did not observe 

significant differences in the expression of Il1β or Il6 from GFP+ or tdTomato+ cells isolated 

from WT or SRFepiKO hearts (Figure S10C and S10D). Co-localization of GFP with αSMA 

expression was also similar between WT and SRFepiKO sham conditions (Figure S10E–

S10G). Although αSMA+ area increased after MI (Figure S10E–S10G), which is consistent 

with previous reports that utilize SMA as an indicator of the myofibroblast phenotype24, co-

localization of GFP+/αSMA+ in the remote and BZ regions was not significantly different 

between WT and SRFepiKO mice (Figure S10E and S10G and Figure 7A). We also 

confirmed that the total number of GFP+ cells isolated via FACS was less in sham SRFepiKO 

hearts consistent with our immunohistochemical analysis (Figure S11A–S11C). 

Additionally, the total numbers as well as the percentage of GFP+ cells were significantly 

reduced in SRFepiKO mice after MI (Figure S11D–S11G).

We next compared gene expression in GFP+/PDGFRα+ (Wt1-lineage cardiac fibroblasts or 

CFs) compared to tdTomato+/PDGFRα+ (Wt1 independent CFs) cells isolated from mice 

subjected to sham surgery and MI (Figure S11A and S11D); importantly, Pdgfra expression 

was enriched in the PDGFRα+ population after sham and MI surgery (Figure S11M and 

S11N). Postn was significantly increased in both the tdTomato+ and GFP+ CFs after MI 

compared to sham mice, although GFP+ CFs expressed significantly more Postn than 

tdTomato+ CFs. Surprisingly, Postn mRNA levels are greater in GFP+ CFs derived from 
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SRFepiKO mice than those from WT mice (Figure 7D). Col1a1, Col1a2, and Col3a1 are also 

enriched in GFP+ CFs isolated from WT mice as compared to tdTomato+ CFs, confirming 

that Wt1 lineage-derived cells exhibit a robust fibrotic response to cardiac ischemia (Figure 

7F–7H). In contrast, Tcf21 expression, a marker of the quiescent CF, was decreased in 

tdTomato+ and GFP+ CFs isolated from WT mice following MI, but not SRFepiKO mice 

(Figure 7E). Collectively, these data reveal that robust investment of the ischemic zone with 

pro-fibrotic EPDCs requires the SRF/MRTF transcription factors and that the infarct may be 

populated by a Wt1-independent lineage that is less fibrotic upon disruption of the Wt1 
epicardial lineage.

4. DISCUSSION

Defining the transcriptional programs that regulate myofibroblast activation remains central 

to the discovery of novel strategies to prevent organ fibrosis due to injury and/or aging. Our 

group has previously shown that MRTFs control epicardium-derived mural cell investment 

during development13. While the loss of MRTF expression in the embryonic epicardium 

results in 50% perinatal lethality, likely due to coronary vessel maturation defects, 

assessment of adult EPDC function in surviving mice after deletion of either MRTFs or SRF 

has not been previously addressed. Here, we find that although MRTFepiDKO adult mice 

display profound deficiency in epicardium-derived interstitial cells at baseline, cardiac 

function is normal. In contrast, SRF and MRTFs drive fibrotic gene expression in 

epicardium-derived resident fibroblasts during normal aging, and are essential for investment 

of the infarct with epicardium-derived resident CFs in ischemia.

Consistent with previous reports, we demonstrate that the Wt1-lineage yields a majority of 

PDGFRα+ cells during homeostatic conditions and after injury in the adult heart8, 9, 11. 

Normally, the heart will respond to MI by the expansion of epicardium-derived fibroblasts 

leading to scar formation. In contrast, Srf deletion in the Wt1-lineage resulted in a 

compensatory accumulation of PDGFRα+ cells from a Wt1-negative source. In SRFepiKO 

hearts, we observed an accumulation of GFP-negative fibroblasts with an apparently “less 

fibrotic” profile (Schematic shown in Figure 7I). Based on immunohistochemical and gene 

expression analyses, the decreased severity of cardiac fibrosis in SRFepiKO mice at least 

partially stems from the deficiency in WT1-lineage cell numbers and the accumulation of a 

less-fibrotic alternative population of fibroblasts. Curiously, the expression of Postn and 

several collagens is not reduced in WT1-lineage cells of SRFepiKO mice, as compared to 

WT. Thus, compensatory molecular mechanisms may exist that promote myofibroblast 

activation in Wt1 lineage-derived cells independent of SRF. Additional mechanisms that 

may be driving myofibroblast activation upon Srf deletion include canonical TGF- β1 – 

Smad signaling and non-canonical TGF-β1 – p38 signaling25, 26.

While the source of the GFP−/PDGFRα+ population that appears following MI in SRFepiKO 

is not clear, it is possible they are wildtype Wt1Cre/+ lineage cells following incomplete 

recombination at the Srf and R26mTmG loci. Recombination efficiency of Cre driver strains 

can vary significantly and may be dependent on the activity of transgenic promoters during 

developmental transitions27, 28. Despite the limitations of Cre-based model systems, based 

on data from our study and others8, 9, it is likely that an alternative WT1− developmental 
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source may be responsible for populating the post-MI scar in SRFepiKO mice that is not 

typically observed in WT conditions, which needs to be tested empirically in future studies. 

Contributions from this alternative cell population may partially counteract reduced cell 

numbers, migratory ability, or activity of epicardial-derived mesenchymal cells during 

cardiac growth and in response to cardiac injury. Although the expression of both Wt1 and 

Tcf21 is associated with interstitial and epicardial fibrosis in ischemia, Tcf21 is reported as a 

more unique marker of perivascular fibroblasts in hypertension10, 29. It is intriguing to 

speculate that developmental plasticity exists such that insufficiency of WT1-lineage 

resident fibroblasts may be compensated for by contributions from another source, such as 

Tcf21lineage perivascular cells. A similar phenomenon was recently reported, where 

dysfunction of sinus venosus-derived coronary EC progenitor cells leads to the propagation 

of endocardium-derived ECs that rebuild the coronary vasculature30. Combinatorial genetic 

recombination strategies would be required to evaluate alternate developmental sources of 

resident fibroblasts31. For example, the Wt1Cre mouse line could be used for gene deletion in 

a background of a FLP lineage reporter system to delineate whether endothelial (Cdh5, 

Tie2)32, 33, bone-marrow (Vav, LysM)34,35, smooth muscle (Myh11)36, pericyte (Cspg4)37, 

or other epicardial and perivascular (Tbx18, Tcf21)38, 39 lineages are infiltrating the 

ischemic zones of SRFepiKO hearts.

The epicardium is a highly dynamic structure providing both beneficial and pathological 

remodeling cues in the heart following injury, and is likely required for cardiac regeneration 

in zebrafish and neonatal mouse models40, 41. In our study, we observed an increased 

retention of EPDCs on the surface of the heart at baseline and following MI, which 

contributes to pronounced epicardial thickening observed in Mrtf and Srf deficient mice. 

This phenomenon may be advantageous by providing mechanical and/or structural support 

to prevent infarct expansion. Additionally, the re-activated epicardium has been shown to 

play cell non-autonomous roles via secretion of paracrine cues to promote cardiomyocyte 

regeneration and angiogenesis after ischemia in adult mice12, 42. In our study, we identified 

several chemokines that differentially accumulate in the serum of mice exhibiting improved 

outcomes following MI. Based on our studies, It is possible that cardioprotective or 

immunomodulatory chemokines originate from the epicardium, and future studies should 

evaluate epicardial-specific paracrine factors for their ability to enhance cardiac repair 

following ischemic injury.

A hallmark of cardiac aging is the progressive accumulation of ECM43. Remarkably, we 

show that MRTFepiDKO mice have reduced fibrosis and preserved diastolic function during 

aging. This data indicates that EPDCs not only contribute to ischemic remodeling, but also 

to chronic deposition of ECM that ultimately leads to the development of fibrosis and left 

ventricular stiffening in aging. Our data is in support of recent studies that prevent fibrosis in 

various cell types by inhibiting the Rho-ROCK/MRTF-SRF signaling axis17–20, 44 , although 

recent findings from our lab linking actin-based MRTF transcriptional mechanisms with 

cardiomyocyte integrity indicate this strategy may be more complicated45. Further defining 

the signaling mechanisms that drive EPDC plasticity in cardiac aging and disease is 

important for the discovery of novel strategies that block or reverse cardiac fibrosis.
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Figure 1. Aged-associated diastolic dysfunction is prevented in MRTFepiDKO mice.
(A) Breeding strategy for the generation of WT and MRTF transgenic mice. (B) Mrtfa and 

(C) Mrtfb expression in CMs, CD31+ and CD31− cell populations isolated from WT and 

MRTFepiDKO hearts. ND = Not Detected. (D) Ejection Fraction (%) measured in female WT 

and MRTF transgenic mice during aging. (E) E to E prime ratio (Interventricular Septum or 

IVS E/E’) measured by tissue doppler at 52 and 78-weeks of age. (F) Representative 

staining of collagen by Picro Sirius Red staining at 78-weeks of age. (G) Quantitation of 

collagen visualized in the left ventricle of the heart (% of area). (H) Representative images 

of PDGFRα− and PDGFRα+ epicardial cells represented as DAPI+ nuclei outside the 

myocardial border (yellow arrows). (I) Quantitation of PDGFRα− and PDGFRα+ epicardial 

cells at 78-weeks of age.

Scale bar (F) = 100µm. Scale bar (H) = 40µm.

** p<0.01, **** p<0.0001.
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Figure 2. Preservation of cardiac physiology in MRTFepiDKO hearts after MI.
(A) Time-line analysis of adult male WT and MRTF transgenic mice subjected to Sham or 

MI surgery at 10–12 weeks of age. MRTF transgenic mice were analyzed by 

echocardiography (E) prior to surgery (baseline) and 3, 7 and 14 days after surgery. (B) 
Representative images of PDGFRα− and PDGFRα+ epicardial cells represented as DAPI+ 

nuclei outside the myocardial border (yellow arrows). (C) Quantitation of PDGFRα− and 

PDGFRα+ epicardial cells in 12-week old sham mice. (D) CM size was visualized in young 

(12-week old) sham mice. (E) Quantitation of CM crosssectional area (CSA; µm2) in sham 

and injured mice. (F) CM fetal gene expression of Myh7/Myh6. (G) Ejection Fraction (%) 

measured in male WT and MRTF transgenic mice following sham surgery. (H) Ejection 

fraction (%) and (I) End Diastolic Volume (µL) measurements following MI surgery.

Scale bar (B and D) = 40µm.

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

## p<0.01: 7dMI versus Sham.
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Figure 3. MRTFepiDKO mice are protected from pathological fibrotic remodeling following MI.
(A) Representative WT and MRTFepiDKO heart sections stained with TTC and quantitated in 

(B) 24 hours post-MI. 111 cytokines were measured and categorized as unchanged (black), 

upregulated (green) or downregulated (red). Screen was performed in (C) Non-injured mice 

and (D) Mice subjected to MI for 3-days. (E) List of downregulated cytokines in 

MRTFepiDKO serum relative to WT serum at baseline and 3-days post-MI. Representative 

dot blot images of (F) Periostin and IL-1α / IL-1F1 at 3-days post MI.

Scale bar (A) = 1mm.
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Figure 4. Cardiac fibrosis is attenuated in MRTFepiDKO hearts after MI.
(A) WT and MRTFepiDKO hearts represented in 4 layers after staining with Masson’s 

Trichrome. (B) Quantitation of left ventricular free wall fibrosis (%) 14 days after MI. (C) 
Gene expression in nonmyocytes isolated from female WT and MRTFepiDKO adult hearts 7-

days post-MI. (D) Visualization of PDGFRα− and PDGFRα+ epicardial cells represented as 

DAPI+ nuclei outside the myocardial border and labeling of BrdU+ cells in the epicardium 

and interstitium in the BZ regions of the heart 14 days post-MI. (E) Quantitation of 

PDGFRa protein expression (% of area) located in sham and BZ regions of the heart 14 days 

post-injury. (F) Quantitation of the number of BrdU+ interstitial cells in the BZ regions of 

WT and MRTFepiDKO hearts. (G) Quantitation of epicardial cells, BrdU+, PDGFRα+., and 

BrdU+/PDGFRα+ epicardial cells in BZ regions of the heart. (H) Fraction of total epicardial 

cells (normalized to 100%) categorized as non-labeled, BrdU+, PDGFRα+, and BrdU+/

PDGFRα+ in the BZ regions of the heart.
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Scale bar (A) = 1mm. Scale bar (D) = 40µm.

* p<0.05, ** p<0.01.
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Figure 5. SRF is required for EPDC investment of the adult cardiac interstitium.
(A) Breeding strategy for the generation of WT and SRF transgenic mice. (B) SRF protein 

detected in Wt1 lineage-derived cells (GFP+ = green) and CMs from WT and SRFepiKO 

hearts. Srf expression in (C) tdTomato+ and GFP+ cells, (D) tdTomato+ PDGFRα+ and GFP
+ PDGFRα+ cells and (E) CMs isolated from sham-operated animals. (F) Representative 

images of Wt1 lineage-derived cells (GFP+) and PDGFRα+ cells in the epicardium and 

interstitial areas. Epicardial cells are represented as DAPI+ nuclei outside the myocardial 

border in WT and SRFepiKO mice. (G) Quantitation of GFP protein expression (% of area). 

(H) Distribution of GFP−/PDGFRα and GFP+/PDGRa+ protein expression. (I) Quantitation 

of GFP+, PDGFRα+, and GFP+/PDGFRα+ epicardial cells. (J) Fraction of total epicardial 

cells (normalized to 100%) categorized as nonlabeled, GFP+, PDGFRα+, or GFP+/PDGFRα
+.

Scale bar (B) = 10µm. Scale bar (F) = 40µm.
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* p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001.
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Figure 6. SRFepiKO mice show modest preservation of cardiac function and exaggerated 
epicardial activation in response to MI.
(A) Time-line analysis of adult WT and SRFepiKO mice subjected to MI. Echocardiography 

(E) was conducted prior to surgery and 3, 7 and 14 days after surgery. (B) Ejection fraction 

(%) and (C) End Systolic Volume (µL) in WT and SRFepiKO mice. (D) WT and SRFepiKO 

hearts represented in 4 layers to visualize cardiac fibrosis (Masson’s Trichrome stain). (E) 
Quantitation of left ventricular free wall fibrosis (%) after MI. (F) Visualization of epicardial 

cells labeled for GFP and/or PDGFRα represented as DAPI+ nuclei outside the myocardial 

border in the BZ regions of the heart 14 days post-MI. (G) Quantitation of total epicardial 

cells, GFP+, PDGFRα+., and GFP+/PDGFRα+ epicardial cells in BZ regions of the heart. 

(H) Fraction of total epicardial cells (normalized to 100%) categorized as non-labeled, GFP
+, PDGFRα+, or GFP+/PDGFRα+ in the BZ regions of the heart.

Scale bar (D) = 1mm. Scale bar (F) = 40µm.

* p<0.05, ** p<0.01, *** p<0.001.
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Figure 7. Infarct re-cellularization requires SRF expression in EPDCs.
(A) Labeling of Wt1 lineage derived cells (GFP+) and PDGFRα+ cells in WT and SRFepiKO 

mice. (B) Quantitation of GFP protein expression in the BZ regions and 14 days post MI (% 

of area). (C) Distribution of GFP−/PDGFRα+ and GFP+/PDGRα+ protein expression. Gene 

expression analysis of GFP+/PDGFRα+ and tdTomato+/PDGFRα+ cells isolated by FACS 

from sham surgical mice and mice subjected to MI for 7 days. (D) Postn, (E) Tcf21, (F) 
Col1a1, (G) Col1a2, and (H) Col3a1. (I) Schematic of proposed cellular mechanism of 

epicardial-derived fibrosis in the adult heart after MI. In non-injured conditions, WT mice 

show maintenance of epicardial-derived PDGFRα+ myofibroblasts, which expand in 

response to MI. In contrast, SRFepiKO mice show reduced investment of epicardial-derived 

PDGFRα+ cells at baseline and following MI. Alternative to the response in WT mice, the 

scar is re-populated with GFP−PDGFRα+ myofibroblasts, a nonepicardial cell lineage that is 
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likely descended from an alternative “less fibrotic” cell lineage. EPI = epicardium. MYO = 

myocardium. MI = Myocardial Infarction.

Scale bar (A) = 40µm.

* p<0.05, ** p<0.01, ****p<0.0001.

# p<0.05, ## p<0.01, ### p<0.001, #### p<0.0001: GFP+/PDGFRα+ versus tdTomato+/

PDGFRα+.
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