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Abstract 
The epicardium, the outermost layer of the heart, is an important regulator of cardiac regeneration.  
However, a detailed understanding of the crosstalk between the epicardium and myocardium 
during development requires further investigation.  Here, we generated three models of epicardial 
impairment in zebrafish by mutating the transcription factor genes tcf21 and wt1a, and by ablating 
tcf21+ epicardial cells.  Notably, all three epicardial-impairment models exhibit smaller ventricles.  
We identified the initial cause of this phenotype as defective cardiomyocyte growth, resulting in 
reduced cell surface and volume.  This failure of cardiomyocytes to grow is followed by 
decreased proliferation and increased abluminal extrusion.  By temporally manipulating its 
ablation, we show that the epicardium is required to support ventricular growth during early 
cardiac morphogenesis.  By transcriptomic profiling of sorted epicardial cells, we identified 
reduced expression of FGF and VEGF ligand genes in tcf21-/- hearts, and pharmacological 
inhibition of these signaling pathways partially recapitulated the ventricular growth defects.  Thus, 
the analysis of these epicardial-impairment models further elucidates the distinct roles of the 
epicardium during cardiac morphogenesis and the signaling pathways underlying epicardial-
myocardial crosstalk.
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Introduction 1 
The epicardium is the last layer to incorporate into the heart during development.  Epicardial cells 2 
(EpiCs) delaminate from the extra-cardiac proepicardial organ (PEO) and attach to the naked 3 
myocardium as free-floating cells due to the physical properties of the pericardial fluid (Rodgers 4 
et al., 2008; Peralta et al., 2013).  The epicardium forms a mesothelial layer that completely 5 
envelops the heart, then undergoes epithelial-to-mesenchymal transition (EMT) and gives rise to 6 
various epicardial derived cells (EPDCs) (Smith et al., 2011; Acharya et al., 2012; Smits et al., 7 
2018).  While the epicardium becomes dormant after undergoing EMT, it reactivates after cardiac 8 
injury and upregulates developmental genes as well as new gene regulatory networks (Weinberger 9 
et al., 2021), and it rapidly regenerates (Masters and Riley, 2014; Cao and Poss, 2018).  10 

The epicardium has received great attention due to its ability to differentiate into a multitude of 11 
cell types during cardiac repair and to its role as a source of paracrine signals that promote wound 12 
healing (Masters and Riley, 2014; Cao and Poss, 2018).  However, a detailed understanding of the 13 
epicardial-myocardial crosstalk during development has proven more elusive.  As the few 14 
identified factors involved in epicardial-myocardial signaling, including components of the 15 
fibroblast growth factor (FGF) and insulin growth factor (IGF) signaling pathways, are expressed 16 
in developmental and regenerative contexts (Pennisi et al., 2003; Lavine et al., 2005; Brade et al., 17 
2011; Li et al., 2011; Vega-Hernandez et al., 2011), identifying the processes underlying 18 
epicardial-myocardial crosstalk during development has important implications for cardiac repair.  19 

Defects in epicardial coverage consistently result in a common myocardial phenotype—small, 20 
underdeveloped ventricles.  Ablation of the PEO in chicken embryos causes reduced cardiac size 21 
and occasional ventricular bulging (Manner, 1993; Pennisi et al., 2003; Manner et al., 2005; 22 
Takahashi et al., 2014).  Similarly, mutations in several epicardial-enriched genes, including those 23 
encoding the transcription factors TCF21 and WT1, abrogate epicardial coverage, leading to a 24 
reduction in ventricular size (Moore et al., 1999; Acharya et al., 2012).  Most studies to date have 25 
concluded that the major role of the epicardium is to promote CM proliferation (Pennisi et al., 26 
2003; Lavine et al., 2005; Li et al., 2011) and to contribute to the ventricular mass by giving rise 27 
to EPDCs such as fibroblasts (Mahtab et al., 2009; Acharya et al., 2012).  Notably, a few studies 28 
have started to challenge the view that the sole function of the epicardium is to regulate CM cell 29 
cycle (Eid et al., 1992; Kastner et al., 1994; Takahashi et al., 2014), but they have so far been 30 
limited to using in vitro explants or fixed tissue sections.  Deeper investigation of epicardial 31 
function in promoting myocardial growth requires a model in which the cellular phenotypes can 32 
be experimentally followed in 4 dimensions.  33 

Here, we generated three models of epicardial impairment in zebrafish larvae by mutating the 34 
transcription factor genes tcf21 and wt1a, and by ablating EpiCs.  Leveraging the advantages of 35 
these newly established models and the amenability of zebrafish to live imaging at 3D resolution, 36 
we identified a novel role for the epicardium in promoting CM growth and determined the time-37 
window when this epicardium to myocardium interaction occurs.  We also generated a 38 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 10, 2021. ; https://doi.org/10.1101/2021.08.09.455639doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.09.455639
http://creativecommons.org/licenses/by-nc-nd/4.0/


Boezio et al., 2021 
 

 3 

transcriptomic dataset of epicardial-enriched factors to identify molecules important for this 39 
crosstalk.  Focusing on fgf24 and vegfaa, we provide evidence that they are epicardial-enriched 40 
regulators of ventricular growth.  41 
 42 
Results 43 
Generation of three zebrafish epicardial-impairment models 44 
In zebrafish, EpiCs start adhering to the myocardial wall around 52-56 hours post fertilization 45 

(hpf), and cover the entire ventricle by 96-120 hpf (Fig. 1A) (Peralta et al., 2014).  To study the 46 

epicardial-myocardial crosstalk, we generated three different zebrafish models with impaired 47 
epicardial coverage.  First, we mutated tcf21 and wt1a (Fig. S1C), two transcription factor genes 48 

enriched in the epicardium (Fig. S1A, B) (Serluca, 2008; Liu and Stainier, 2010; Peralta et al., 49 

2014)).  Our tcf21 deletion allele contains a frameshift in the coding sequence, leading to a 50 
predicted truncated protein with an incomplete DNA-binding domain (Fig. S1C), while the 51 

mutation does not affect the stability of the mutant mRNA (Fig. S1 D).  Conversely, our wt1a 52 

promoter deletion leads to a complete absence of wt1a mRNA (Fig. S1C, E).  In mouse, the lack 53 
of either transcription factor leads to impaired epicardial coverage, but its impact on myocardial 54 

development is poorly understood (Moore et al., 1999; Acharya et al., 2012).  We observed that in 55 

zebrafish, mutations in tcf21 and wt1a also lead to a reduction of TgBAC(tcf21:NLS-EGFP)+ 56 
(hereafter referred to as tcf21+) EpiCs on the ventricular wall, as evidenced at 54 hpf and -even 57 

more prominently- at 76 and 100 hpf (Fig. 1B-H).  However, whereas wt1a mutants exhibit a 58 

complete absence of tcf21+ EpiCs on the ventricular wall, the epicardial coverage reduction in 59 
tcf21 mutants is variable (Fig. 1I).  This phenotypic variability is likely not due to the tcf21 60 

mutation leading to a hypomorphic allele, as non-cardiac phenotypes previously identified in tcf21 61 

mutants, including the lack of head muscles (Nagelberg et al., 2015; Burg et al., 2016), are 62 
observed with complete penetrance in our tcf21 mutants (n>300 larvae).  Notably, the number of 63 

outflow tract (OFT) tcf21+ EpiCs appears unaffected in both mutants (Fig. 1J), likely due to the 64 
different origin of this epicardial population (Perez-Pomares et al., 2003; Weinberger et al., 2020).  65 

Second, to establish a model in which epicardial coverage can be impaired in a specific time 66 

window, we used the previously described nitroreductase/metronidazole (NTR/MTZ) system 67 
(Curado et al., 2007; Pisharath et al., 2007; Curado et al., 2008).  By treating 68 

TgBAC(tcf21:mCherry-NTR) (Wang et al., 2015) embryos (NTR+) with MTZ, we could ablate 69 

nearly all tcf21+ cells before the epicardium covers the ventricle (52-100 hpf; Fig. 1K-M), thereby 70 
establishing an inducible system which complements our two mutant models.  Using the pan-71 

epicardial marker Caveolin1 (Cao et al., 2016), we confirmed that TgBAC(tcf21:NLS-EGFP) 72 

expression is a reliable marker for all EpiCs, and that the loss of tcf21+ cells in our models is due 73 
to an absence of EpiCs and not to the loss of TgBAC(tcf21:NLS-EGFP) expression.  Caveolin1 74 

immunostaining was only present in “escaper” ventricular tcf21+ EpiCs in tcf21-/- hearts, and 75 
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around the OFT in all three models (Fig. S1F-I’).  Altogether, these three distinct epicardial-76 

impairment models constitute a complementary set of reagents to study the effects of epicardial 77 

impairment on cardiac morphogenesis.  Moreover, using the genetic models generated here as 78 
well as others, it will be interesting to investigate how Wt1a and Tcf21 regulate epicardial 79 

development. 80 
 81 

Impairment in cardiomyocyte growth becomes evident before reduced cardiomyocyte 82 

proliferation when epicardial cells are lost  83 
We next aimed to determine how epicardial impairment affects ventricular morphogenesis.  84 

Starting at 96 hpf, we observed pericardial edema in tcf21-/-, wt1a-/- and NTR+ MTZ-treated larvae 85 

(Fig. S1J-M), together with impaired ventricular fractional shortening starting at 100 hpf (Fig. 86 
S2A).  The cardiac ventricle in all epicardial-impairment models was also approximately 30% 87 

smaller than in wild type (WT; Fig. 2A-D, S2B-E).  Interestingly, from 76 to 100 hpf, we 88 

observed that the wild-type ventricle grew on average by 36.4% in volume, whereas the mutant 89 
ventricle started with a comparable volume at 76 hpf but failed to enlarge over time (Fig. 2E).  90 

Increase in organ size is driven by hypertrophic (increase in cell size) and hyperplastic (increase 91 

in cell number) growth.  The first phenotype we observed between control and epicardial-92 
impairment models was in the CM apical area.  Although the average apical area of compact layer 93 

CMs was comparable in WT and mutant larvae at 76 hpf, it was significantly smaller in mutant 94 

CMs compared to WT at 100 hpf (Fig. 2F, S2F).  To assess the volumetric growth of individual 95 
compact layer CMs over time, we tracked single CMs in tcf21+/+ and tcf21-/- hearts by mosaic 96 

expression of Tg(myl7:mScarlet).  Strikingly, tcf21+/+ CM volume increased by 26.8% between 97 

76 and 100 hpf, while tcf21-/- CM volume did not significantly change (+1.4%) (Fig. 2G-I).  Our 98 
data are, to our knowledge, the first to correlate an increase in CM cell volume with ventricular 99 

growth, and to uncover a requirement for the epicardium in promoting CM cell growth during 100 
cardiac development. 101 

While the epicardium has not been previously linked with CM hypertrophic growth, it has been 102 

implicated in promoting CM proliferation (Pennisi et al., 2003; Lavine et al., 2005; Li et al., 103 
2011).  We therefore assessed the number of proliferating CMs at 82 hpf, a time point before the 104 

growth defects can be observed, by counting the number of Venus-Gmnn+ CMs (cells in the 105 

S/G/M phases (Sugiyama et al., 2009; Choi et al., 2013).  We observed no significant difference 106 
between control and NTR+ MTZ-treated larvae (Fig. 2K-M).  We also counted the number of 107 

ventricular CMs, and they increased by a similar proportion (≈30%) in WT larvae and in larvae 108 

from all three models between 76 and 100 hpf (Fig. 2J), resulting in comparable numbers of CMs 109 
at all time points analyzed (Fig. S2G).  Interestingly, at 105 hpf, a time point subsequent to the 110 
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appearance of CM size defects, we observed a severe reduction in the number of Venus-Gmnn+ 111 

CMs in NTR+ MTZ-treated larvae compared with controls (-48.5%; Fig. 2N).  These defects in 112 

CM proliferation may thus be a consequence of the initial impairment in CM growth.  In support 113 
of this interpretation, eukaryotic cell cycle progression is known to depend on cell growth 114 

(Jorgensen and Tyers, 2004), and a multitude of cell types, including CMs, expand in size prior to 115 
dividing (Son et al., 2015; Zlotek-Zlotkiewicz et al., 2015; Uribe et al., 2018).  In addition, we 116 

observed CM extrusion away from the cardiac lumen in the three epicardial-impairment models 117 

(Fig. S3A-F’), consistent with previous reports (Manner et al., 2005; Rasouli et al., 2018).  We 118 
hypothesize that in the absence of the epicardium, excessive cellular density -as observed by 119 

reduced inter-nuclear distance in the epicardial-impairment models (Fig. S3G-I)- drives the 120 

aberrant extrusion of a few CMs.  However, this CM extrusion in the epicardial-impairment 121 
models only plays a minor role in their reduced ventricular size.  122 

Altogether, our observations uncover a previously unidentified role for the epicardium in 123 

promoting the initial stages of CM growth, which subsequently affects CM proliferation and 124 
ventricular growth. 125 

 126 

Epicardial cells are required and sufficient for ventricular cardiomyocyte growth in a 127 
restricted early time window 128 

To further analyze the dependency of CM growth on the epicardium, we tested whether rescuing 129 

the epicardial coverage was sufficient to improve ventricular growth.  Leveraging the temporal 130 
versatility of the NTR/MTZ system, we ablated the epicardium specifically from 52 to 100 hpf 131 

and then washed out the MTZ; we first confirmed that the EpiCs recover by 144 hpf (Fig. 3A-C), 132 

as previously reported (Wang et al., 2015).  Strikingly, epicardial restoration was sufficient to 133 
ameliorate the cardiac growth defects in MTZ-treated larvae (Fig. 3B’-D).  134 

Previous studies investigating the consequences of reduced epicardial coverage have used genetic 135 
models or physical ablation of the PEO, but the constitutive lack of epicardium fails to pinpoint 136 

the time window in which EpiCs promote myocardial development.  As mentioned above, we 137 

identified the 52-100 hpf window to be crucial for epicardial-myocardial interactions, which 138 
coincides with the period of epicardial attachment.  We then tested the effects of epicardial 139 

ablation between 96 and 144 hpf (Fig. 3A); surprisingly, while epicardial ablation appeared quite 140 

effective (Fig. 3 E, F), we observed no obvious morphological defects in ventricular morphology 141 
or size (Fig. 3D-F’).   142 

These results suggest that epicardial-myocardial crosstalk is necessary to regulate ventricular 143 

volume during 52-100 hpf, but dispensable once epicardial coverage is complete (96 hpf).  We 144 
propose that, from 96 hpf onwards, the CMs continue to grow due to epicardial-independent 145 
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intrinsic or extrinsic cues.  Therefore, at later stages, the epicardium might assume a different 146 

function, including preparing for the onset of EMT.  Future investigations of later epicardial 147 

function during cardiac development (e.g., at the onset of EMT and EPDCs formation) will 148 
greatly benefit from the temporal versatility of this NTR/MTZ model.   149 

 150 
Epicardial-derived secreted factors promote ventricular cardiomyocyte growth 151 

Next, we aimed to understand how the epicardium modulates CM growth.  The epicardium is an 152 

important signaling center during development and regeneration (Quijada et al., 2020).  153 
Nonetheless, the appearance of extruding CMs in epicardial-deficient larvae (Fig. S3), which was 154 

also observed following PEO ablation in chick (Manner et al., 2005), raised questions as to 155 

whether the epicardium primarily acts as a physical barrier to preserve myocardial integrity.  To 156 
further investigate the role of the epicardium as a mechanical support and/or a signaling source, 157 

we focused on the sizable fraction of tcf21-/- hearts that exhibited substantial epicardial coverage 158 

on their ventricle (Fig. 1H; Fig. S4A-C).  We first observed that these mutants still displayed 159 
defects in ventricular size that were comparable with those in tcf21-/- hearts devoid of epicardial 160 

coverage (Fig. S4A-C).  We found no significant correlation between the number of ventricular 161 

EpiCs and ventricular volume (Fig. S4D), or the number of extruding CMs (Fig. S4F).  Notably, 162 
we also observed that some extruding CMs were covered by EpiCs (Fig. S4, E’), suggesting that 163 

the physical presence of EpiCs alone does not prevent CM extrusion.   164 

To identify epicardial factors necessary for CM growth, we compared the transcriptomes of sorted 165 
tcf21+/+ and tcf21-/- EpiCs and CMs at 96 hpf (Fig. 4A; Supplementary Tables 2 and 3).  To 166 

minimize bias in the analyses, we selected tcf21-/- larvae that exhibited a wild-type-like ventricular 167 

epicardial coverage and collected the same number of EpiCs from the two genotypes.  We first 168 
analyzed the genes expressed in the two wild-type populations by RNA-seq and confirmed the 169 

expression of cell-specific markers, including postnb, wt1a, col1a2, cav1, aldh1a2 in EpiCs and 170 
ttn.1, ttn.2, myh7, myh6 in CMs.    171 

We focused on epicardial-derived secreted factors that potentially mediate this epicardial-172 

myocardial crosstalk.  Amongst the factors enriched in the EpiCs compared to CMs are members 173 
of the FGF, IGF, transforming growth factor (TGF)-β, and platelet-derived growth factor (PDGF) 174 

pathways (Fig. 4B; Supplementary Table 3).  These pathways are important for epicardial-175 

myocardial crosstalk in mammals (Olivey and Svensson, 2010; Li et al., 2017), suggesting that the 176 
molecular regulators of this crosstalk are similar in zebrafish.  177 

Amongst the downregulated secreted factors in tcf21-/- EpiCs are FGF and VEGF ligand genes, 178 

including fgf10a, fgf24, vegfaa, vegfba (Fig. 4B, C; Supplementary Table 3).  fgf24 and vegfaa 179 
(Fig. 4C, S5A), in particular, are the FGF and VEGF ligand genes with the highest epicardial 180 
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expression in our dataset and the only ones significantly downregulated (P adj. <0.05; 181 

Supplementary Table 3).  The FGF pathway mediates epicardial-myocardial crosstalk in mouse 182 

and chicken embryos, where it is primarily known for its role in promoting CM proliferation 183 
(Pennisi et al., 2003; Lavine et al., 2005).  By in situ hybridization, we observed fgf24 expression 184 

in 76 hpf hearts including in the epicardium (Fig. S5B, B’).  On the other hand, Vegfaa promotes 185 
angiogenesis and coronary vessel formation (Liang et al., 2001; Wu et al., 2012; Marin-Juez et al., 186 

2016; Rossi et al., 2016), but its role in the developing epicardium has not been investigated until 187 

recently (Bruton et al., 2021).  We observed that vegfaa expression in the developing heart 188 
appears to be initially limited to the epicardium until 100 hpf (Fig. S5C-D’’; (Bruton et al., 189 

2021)), at which point it also becomes expressed in the endocardium (Karra et al., 2018).  The 190 

epicardial enrichment of fgf24 and vegfaa (log2FC: +4,77 and +3,38, respectively), as well as 191 
their downregulation in tcf21-/- EpiCs led us to hypothesize that epicardial-derived Fgf24 and 192 

Vegfaa mediate signaling to the myocardium.  To test this hypothesis, we first assessed the 193 

activation of the mitogen-activated protein kinase (MAPK)/extracellular regulated kinase (ERK) 194 
pathway, a downstream effector of both FGF and VEGF signaling, in CMs.  To do so, we 195 

generated a transgenic line, Tg(myl7:ERK-KTR-Clover-P2A-H2B-mScarlet), to monitor ERK 196 

activation through a kinase translocation reporter (de la Cova et al., 2017; Mayr et al., 2018; 197 
Okuda et al., 2020) (Fig. 4D).  Following MTZ treatment between 52 and 80 hpf, 198 

TgBAC(tcf21:mCherry-NTR);Tg(myl7:ERK-KTR-Clover-P2A-H2B-mScarlet) hearts devoid of 199 

epicardium exhibited a significantly increased number of CMs with inactive ERK signaling 200 
compared with control hearts (Fig. 4D-F).  In addition, we used BGJ398 (De Simone et al., 2021) 201 

and SKLB1002 (Zhang et al., 2011) to inhibit the FGF and VEGF signaling pathways, 202 

respectively, from 65 to 100 hpf.  Larvae treated with these compounds recapitulated the smaller 203 
ventricle phenotype.  FGF inhibition affected ventricular volume without causing any changes in 204 

CM number, whereas the VEGF inhibitor led to a mild but significant decrease in ventricular CMs 205 
(-10%; Fig. 4G-K).  It is likely that a global inhibition of the VEGF pathway leads to a stronger 206 

phenotype compared to the epicardial-specific downregulation of vegfaa in tcf21-/- hearts, and/or 207 

that SKLB1002 affects additional signaling pathways. 208 

Interestingly, the mammalian ortholog of Fgf24 binds Fgfr4 (Mok et al., 2014), which is highly 209 

expressed in zebrafish CMs and downregulated in tcf21-/- CMs, as per our transcriptomic datasets 210 

(Supplementary Table 2).  We speculate that the downregulation of Fgfr4 in CMs might be caused 211 
by feedback loops caused by the reduction in Fgf24.  On the other hand, Vegfaa is not known to 212 

bind receptors prominently expressed in CMs, but binds Vegfr2/Kdrl, which is enriched in EpiCs.  213 

Therefore, Vegfaa potentially signals in an autocrine manner, similar to retinoic acid (Stuckmann 214 
et al., 2003; Brade et al., 2011), and regulates the production of other signaling molecules.  215 

Otherwise, it was recently proposed that the epicardial expression of vegfaa (in response to 216 
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macrophage activation) regulates Notch activity in the endocardium, which -in turn- signals to 217 

CMs (Bruton et al., 2021).  Further studies will address the molecular mechanisms by which these 218 

signaling pathways mediate epicardial-myocardial crosstalk to promote ventricular 219 
morphogenesis.   220 

Alternatively, we cannot exclude the possibility that ECM-related components secreted by the 221 
epicardium play a role in maintaining CM homeostasis and promoting their growth.  In particular, 222 

we observed the downregulation of several ECM component genes, including col6a1/2, col4a1/2, 223 

lama5 and hapln1a/b. 224 

Altogether, our data uncover a previously unappreciated requirement for the epicardium in 225 

promoting CM growth at the cellular and tissue levels, which takes place prior to its previously 226 

reported role in stimulating CM proliferation.  Moreover, we provide evidence that this inter-227 
tissue crosstalk is mediated by the FGF and VEGF pathways.  We propose that the three 228 

epicardial-impairment models used in this study provide genetically tractable, and in one case 229 

temporally manipulable, systems that complement existing models to deepen our understanding of 230 
the cellular and molecular processes involved in epicardial-myocardial crosstalk during cardiac 231 

development.232 
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Data and Software Availability  234 

The RNA-seq data reported in this paper have been deposited in the Gene Expression Omnibus 235 
(GEO) database https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174505 (accession 236 

GSE174505).  (Reviewer token: wbydmsugdfmfhch).   237 
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Figure legends 259 

 260 

Figure 1: The transcription factors Tcf21 and Wt1a are required for epicardial 261 

attachment to the ventricle 262 

A) Schematic representation of the epicardial coverage of the zebrafish embryonic and larval 263 

heart.  B-G) Confocal images of 76 (B-D) and 100 (E-G) hpf TgBAC(tcf21:NLS-EGFP); 264 

Tg(myl7:mCherry-CAAX) larvae.  H) Schematics of the epicardial coverage in 100 hpf WT, 265 

tcf21-/- and wt1a-/- larvae.  Grey, myocardium; green, EpiCs.  I-J) Quantification of tcf21+ 266 

EpiCs attached to the ventricular myocardium (H) and the OFT (I).  The colors of WT dots 267 

refer to tcf21+/+ (red) and wt1a+/+ (orange) siblings.  Mean ± SD; P values from t- or Mann-268 

Whitney tests (following normality test) compared with +/+ siblings of each genotype.  K) 269 

Epicardial ablation protocol using the NTR/MTZ system.  L-M) Confocal images of 100 hpf 270 

TgBAC(tcf21:mCherry-NTR); Tg(myl7:EGFP-HRAS) hearts, showing the absence of EpiCs 271 

post MTZ treatment (M), compared with DMSO-treated larvae (L).  WT, wild types; A, 272 

atrium; V, ventricle; OFT, outflow tract; PEO, proepicardial organ. 273 

 274 

Figure 2: Impaired epicardial coverage affects ventricular cardiomyocyte size increase 275 

and ventricular growth 276 

A-D) Confocal images of 100 hpf WT, tcf21-/-, wt1a-/-, and TgBAC(tcf21:mCherry-NTR)+ 277 

(NTR+) MTZ-treated larvae, exhibiting reduced ventricular size.  E, F) Change in ventricular 278 

volume (E) and CM apical area (F) from 76 to 100 hpf in WT, tcf21-/- and wt1a-/- larvae.  G) 279 

Measurement of individual CM volume increase in percentage between 76 and 100 hpf, as 280 

measured through the myl7:mScarlet signal; large dots, average per larva; small dots, 281 

individual CMs.  Mean ± SD; P values from t-test comparing the averages per larva.  H-I’’) 282 

Confocal images of Tg(myl7:BFP-CAAX); tcf21+/+ or tcf21-/- larva at 76 and 100 hpf (same 283 

larvae shown), injected with myl7:mScarlet DNA to label individual CMs; (H’-I’’) 3D surface 284 

rendering of individual CMs at the two time points.  J) Changes in ventricular CM numbers 285 

from 76 to 100 hpf in WT (or NTR-), tcf21-/-, wt1a-/- and NTR+-MTZ treated larvae.  K-N) 286 

Confocal images and quantification of myl7:mVenus-Gmnn+ CMs in 82 (K-M) and 105 (N) 287 

hpf control (NTR-) and NTR+ MTZ-treated larvae.  E, F, J) Mean ± SD; P values from One-288 

Way ANOVA amongst the three different genotypes at the same time-point (above the 289 

graph), or t-tests comparing the two different time-points within the same genotype (on the 290 

dotted lines).  Single data points are shown in Figure S2.  M, N) Median (solid line) and 291 

quartiles (dashed lines); P values from t-tests.  WT, wild types; A, atrium; V, ventricle. 292 
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 293 

Figure 3: Epicardial cells are required for ventricular cardiomyocyte growth during 294 

early cardiac morphogenesis, but are dispensable at later timepoints 295 

A) Schematic of the MTZ treatment protocol.  B-C’) Confocal images of 144 hpf Tg(myl7: 296 

EGFP-HRAS); TgBAC(tcf21:mCherry-NTR) DMSO and MTZ-treated larvae.  Green, 3D 297 

reconstruction of epicardial coverage, showing a partial recovery of EpiCs in 52-96 hpf MTZ 298 

treated larvae.  D) Quantification of ventricular volume at 144 hpf following epicardial 299 

regeneration or late epicardial ablation.  E-F’) Confocal images of 144 hpf Tg(myl7:EGFP-300 

HRAS); TgBAC(tcf21:mCherry-NTR) DMSO and MTZ-treated larvae.  Green, 3D 301 

reconstruction of epicardial coverage, showing the lack of epicardium in 96-144 hpf MTZ-302 

treated larvae.  D) Mean ± SD; P values from One-Way ANOVA test.  A, atrium; V, 303 

ventricle. 304 

 305 

Figure 4: Epicardial-enriched FGF and VEGF ligand genes in epicardial-myocardial 306 

crosstalk 307 

A) RNA-seq from tcf21+ and myl7+ cells from 96 hpf tcf21+/+ and tcf21-/- hearts.  B) Heatmap 308 

of zebrafish secreted factor genes in tcf21+/+ and tcf21-/- EpiCs and CMs, showing Z scores 309 

normalized per row.  The genes highlighted in bold are differentially expressed between 310 

tcf21+/+ and tcf21-/- EpiCs (log2FC < |0.7|, P adj.<0.05).  C) Venn diagram denoting the 311 

intersection between secreted factor genes in the zebrafish genome and genes that are 312 

downregulated (log2FC < -0.7, P adj.<0.05) in tcf21-/- EpiCs.  D-F) Confocal images (D, E) 313 

and quantification (F) of 82 hpf Tg(myl7:ERK-KTR-Clover-P2A-H2B-mScarlet) ventricles in 314 

control (NTR-) and TgBAC(tcf21:mCherry-NTR) (NTR+) larvae treated with MTZ.  White 315 

arrowheads point to CMs with nuclear Clover (inactive ERK), quantified in F.  G-K) 316 

Confocal images (G-I’), quantification of ventricular volume (J) and CM numbers (K) of 100 317 

hpf larvae treated with FGFR (BGJ398) and VEGFR (SKLB1002) inhibitors starting at 65 318 

hpf.  A, atrium; V, ventricle.   319 

 320 

Figure S1: Transcription factors Tcf21 and Wt1a are crucial for cardiac development 321 

A, B) In situ hybridization showing the expression of tcf21(A) and wt1a (B) in 76 hpf hearts.  322 

MF20 immunostaining (green) labels the myocardium (dashed lines); arrowheads point to the 323 

presumptive signal in the epicardium.  C) Schematics of wild-type Tcf21 and Wt1a proteins 324 

and predicted Tcf21 mutant protein, highlighting the bHLH (red, Tcf21) and Zn finger 325 

(orange, Wt1a) domains.  Yellow star indicates the CRISPR/Cas9-induced mutation site; the 326 
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black rectangle represents new sequence downstream of the frameshift-inducing mutation.  327 

The wt1a mutation targets the promoter region and does not affect the coding sequence.  D, 328 

E) tcf21 (D) and wt1a (E) mRNA levels in 96 hpf tcf21+/+, tcf21-/-, wt1a+/+, and wt1a-/- larvae; 329 

means ± SD; P values from Mann Whitney tests; Ct values are listed in Supplementary Table 330 

1.  F-I’) Confocal images of 100 hpf hearts immunostained for Caveolin1 (Cav1).  Cav1 331 

immunostaining is present only in “escaper” ventricular tcf21+ EpiCs (yellow arrowheads, 332 

tcf21-/-) and in the OFT (white arrowheads).  J-M) 96 hpf tcf21-/-, wt1a-/-, and NTR+ MTZ-333 

treated larvae exhibit pericardial edema (arrowheads) and lack of swim bladder inflation 334 

(asterisks).  A, atrium; V, ventricle; OFT, outflow tract; bHLH, basic helix–loop–helix; Zn, 335 

zinc. 336 

 337 

Figure S2: Epicardial impairment affects ventricular size, but not ventricular 338 

cardiomyocyte number 339 

A-C) Confocal images of 76 hpf WT, tcf21-/-, and wt1a-/- larvae, all exhibiting a similar 340 

ventricular size.  D-E) Quantification of fractional shortening (D) and ventricular volume (E) 341 

in WT, mutant and NTR+ MTZ-treated larvae; the graph in E relates to Figure 2E, showing 342 

the single data points. F) CM apical area in WT, tcf21-/-, and wt1a-/- larvae; related to Figure 343 

2F.  Violin plot represents the distribution of individual CMs (n); dots represent the average 344 

per larva (N).  G) Ventricular CM numbers in WT, mutant and NTR+ MTZ-treated larvae, 345 

showing individual data points; related to Figure 2J.  A, B, F, G) The colors of wild-type dots 346 

refer to tcf21+/+ (red), wt1a+/+ (orange), and NTR+ MTZ-treated (grey) siblings.  Median and 347 

quartiles (A, B, G), or mean ± SD (F); P values from t- or Mann-Whitney tests (following 348 

normality test), compared with the WT/control siblings of each genotype/treatment.  WT, wild 349 

types; A, atrium; V, ventricle; N, number of larvae; n, number of CMs.   350 

 351 

Figure S3: Impaired epicardial coverage causes abluminal cardiomyocyte extrusion 352 

A-D) 3D surface rendering of 96 hpf Tg(myl7:mCherry-CAAX) (A-C) and Tg(myl7:EGFP-353 

HRAS) (D) hearts.  Arrowheads point to extruding CMs.  E) Quantification of CM extrusions 354 

at 76 and 96 hpf.  F, F’) Single-plane images of 76 hpf Tg(myl7:mCherry-CAAX) tcf21-/- 355 

heart.  Arrowheads point to extruding CMs.  G-I) Confocal images and quantification of the 356 

CM inter-nuclear distance in 100 hpf Tg(myl7:BFP-CAAX);(myl7:nlsDsRed) hearts.  E, I) 357 

The colors of wild-type dots refer to tcf21+/+ (red) or wt1a+/+ (orange) siblings, or NTR+ 358 

MTZ-treated (grey) siblings.  E, I) Mean ± SD (E) or median and quartiles (I); P values from 359 
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t- or Mann-Whitney tests (following normality test), compared with WT/control siblings of 360 

each genotype/treatment.  A, atrium; V, ventricle. 361 

 362 

Figure S4: An intact epicardium is required to promote ventricular growth and prevent 363 

cardiomyocyte extrusion 364 

A-C) Confocal images of 96 hpf TgBAC(tcf21:NLS-EGFP); Tg(myl7:BFP-CAAX) tcf21+/+ 365 

(A) and tcf21-/- (B, C) hearts, with different degrees of epicardial coverage (green).  D, F) 366 

Pearson correlation between ventricular volume (D) and extruding CMs (F) (X axis), and the 367 

number of ventricular tcf21+ cells (Y axis) in 96 tcf21-/- larvae.  E, E’) Single confocal plane 368 

of a 76 hpf TgBAC(tcf21:NLS-EGFP); Tg(myl7:mCherry-CAAX)  tcf21-/- ventricle, exhibiting 369 

an extruding CM covered by a tcf21+ epicardial cell (nucleus, green; cell body highlighted 370 

with dashed line).   371 

 372 

Figure S5: fgf24 and vegfaa expression is enriched in epicardial cells and downregulated 373 

in tcf21-/- hearts 374 

A) fgf24 and vegfaa mRNA levels obtained by RT-qPCR on extracted 96 hpf tcf21+/+ and 375 

tcf21-/- hearts; means ± SD; P values from Mann Whitney tests; Ct values are listed in 376 

Supplementary Table 1.  B, B’) In situ hybridization showing fgf24 expression in 76 hpf hearts 377 

(n=11/11).  MF20 immunostaining (green) labels the myocardium (dashed lines). 378 

Arrowheads, epicardial cells outside of the myocardial wall (enlarged in the box).  C-D’’) 379 

Confocal images of 76 (C) and 96 (D) hpf TgBAC(vegfaa:EGFP); Tg(myl7:BFP-CAAX); 380 

TgBAC(tcf21:mCherry-NTR) ventricles.  TgBAC(vegfaa:EGFP) expression is restricted to the 381 

epicardium (here seen on the ventricle and OFT) as well as OFT SMCs (white arrowheads).  382 

A, atrium; V, ventricle; OFT, outflow tract. 383 

 384 

Supplementary Table 1: Ct values of genes by RT-qPCR and primers. 385 

Supplementary Table 2: List of the top differentially expressed genes (>1 or <-1 log2FC, 386 

baseMean > 50) from RNA-seq dataset of 96 hpf CMs sorted from tcf21+/+ and tcf21-/- 387 

larval hearts. 388 

Supplementary Table 3: List of the top differentially expressed genes (>1 or <-1 log2FC, 389 

baseMean > 50) from RNA-seq dataset of 96 hpf EpiCs sorted from tcf21+/+ and tcf21-/- 390 

larval hearts. 391 

 392 

 393 
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